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METHODS FOR GENERATING POLYNUCLEOTIDES HAVING DESIRED 
5 CHARACTERISTICS BY ITERATIVE SELECTION AND RECOMBINATION ^ 

Cross-Ref erence to Related A pplications 

The present application is a continuation-in-part of USSN 
08/621,859, filed March 25, 1996, and a continuation-in-part of 
10 USSN 08/564,955, filed NoveF.ber 30, 1995. 

Field of the Invention - 

The present invention relates to a method for the production 
of polynucleotides conferring a desired phenotype and/or encoding 
as a protein having an advantageous predetermined property which is 
selectable or can be screened for. In an aspect, the method is 
used for generating and selecting or screening for' desired 
nucleic acid fragrrients encoding rutant proteins. 

2 0 5ACKG?.QU>;D and description 07 RELATED ART 

The CQ-Dlexitv of an active sequence of a biological 
macro-olecule , e.g. nroteins, DN'A etc., has been called its 
information content ("IC"; 5-9). The information content of a 
orotein has been defined as the resistance of the active protein 

25 to amino acid secuence variation, calculated- from the mvinimum. 
number of invariable amino acids (bits) required to describe a 
familv of related sequences with the same function (9, .10). 
Proteins that are sensitive to random mutagenesis have a high 
information- content. In 1974, when this definition was coined, 

30 protein diversity existed only as taxonom.ic diversity. 

Molecular biology developments such as molecular 
libraries have allowed the identification of a m.uch larger number 

■ of variable bases, and even to select functional -sequences from 
random libraries. Most residues can be varied, although 

35 typically not all at the same time, depending on compensating 
changes in 'the context. Thus a 100 amino acid protein can 

■ contain' only" 2,000 different r:Utations, but 20^°° possible 
comibinations of mutations. • 
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Information density is the Information Content/unit 
length of a sequence. Active sites of enzymes tend to have a* 
high information density. By contrast, flexible linkers in 
enzymes have a low information density (8). 
5 , ' Current methods in widespread use for creating mutant 

proteins in a library format "are error-prone polymerase chain 
reaction (11, 12, 19) and cassette mutagenesis • (8, 20, 21, 22, 
40, 41, 42), in which the specific region to be optimized is 
replaced with a synthetically mutagenized oligonucleotide. 
10 Alternatively, mutator strains of host cells_haye been employed 
V. /^to add mutational frequency (Greener and Callahan. , (1995) 
Strategies in Mol. Biol. 2* 32) . In each case, a 'mutant cloud* 
(4) is generated around " certain sites in the. original sequence. 

Error-prone PGR uses low-fidelity polymerization 
15 conditions to introduce a low level of point nutations randomly 
over a long sequence. Error prone ?CR can be used to r.utagenize 
a mixture, of fragrients of unknown sequence. However, computer 
• simulations have suggested that point mutagenesis alone may often 
be too gradual to allow the block changes that are required for 
20 continued sequence evolution. The published error-prone PGR 
protocols' are generally unsuited for reliable- amplification of , 
D^iA fragments greater than 0.5 to 1.0 kb, limiting their 
practical application.: Further, repeated cycles of error-prone 
• PGR lead to an accumulation of neutral, mutations, which, for 
2 5 example, may r:ake a protein- imLmiUnogenic . 

In oligonucleotide-directed mutagenesis, a" short 
sequence is replaced with a synthetically m.utagenized 
oligonucleotide. This approach does not generate com.binations 
of distant' mutations and is.thus not significantly combinatorial. 
30 The limited library size relative to the vast sequence . length 
means that many rounds of selection are^ unavoidable for protein 
■ . optimization. Mutagenesis with synthetic oligonucleotides 
requires sequencing of individual clones after each ■ selection 
round followed by grouping into families, arbitrarily choosing 
35 a single family, and reducing it to a consensus motif, which is 
resynthesized and reinserted, into a single' gene followed .by 
additional selection. This process constitutes a statistical 
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bottleneck, it is labor intensive and not practical for many 
rounds of mutagenesis. 

' Error-prone PCR and oligonucleotide-directed 
mutagenesis are thus useful for single cycles of sequence fine 
5 tuning but rapidly become limiting when applied -for multiple 
cycles. 

Error-prone PCR can be used to mutagenize a mixture of 
fragments of unknown sequence (11, 12). However, the published 
error-prone PCR protocols (11, 12) suffer from a low processivity 
10 of the polymerase. Therefore, the protocol is very difficult to 
employ for the random mutagenesis of an average-sized gene. This 
inability limits the practical ■ application of error-prone PCR. 

Another serious limitation of error-prone PCR is that the 
rate of. down-mutations grows with the information content of the 
15 sequence. At a certain information content, library size, and 
mutagenesis rate, the balance of dcwn-mut:atior.s to up-mutations 
will statistically prevent the selection of further improvements-r,- 
(statistical ceiling) . ^ 

' . , Finally / repeated cycles of error-prone PCR will also 
20 lead to the accur.u lat ion of neutral nutations, which can affect, 
for example, inuTiUnogenic i ty but not binding affinity. 

Thus error-prone ,?CR was found to be too gradual to^v 
allow the block changes that are required for continued sequence^-' 
evolution (1,2).' 
25 In cassette mutagenesis, a sequence block of a single- 

template is typically replaced by a (partially) randomized 
sequence. Therefore, the maximum information content that can 
pe- obtained is statistically limited by the number of random, 
sequences (i.e., library size).' This constitutes a statistical 
30 bottleneck', elimiinating other sequence families which are not 
currently best, but which may have -greater long term potential., 

Further,- m^utagenes is. with synthetic oligonucleotides 
requires sequencing .of individual clones after each selection 
round (20). Therefore, this approach is tedious and, is not 
35 practical for many rounds of . mutagenesis . 

Error-prone PCR and cassette mutagenesis are thus best 
suited and have been widely used for fine-tuning areas of 
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comparatively' low information content. An' example is the 
, selection of an ^RNA ligase ribozyme from a random library using 
many ' rounds of amplification by error-prone PGR and selection 
(13) . . ' ■ . ^ 

5 ' ' . . It is becoming increasingly clear our scientific tools 
for the design of recombinant linear' biological sequences such 
as protein, RNA and DNA are not suitable for generating the 
necessary' sequence ' diversity needed to optimize many desired 
properties of a macromolecule or organism. Finding better and 
better mutants depends on searching more and-jnore sequences 
•within larger and. larger libraries, and increasing' numbers of 
cycles of mutagenic amplification and ■ selection are necessary. 
However as discussed above, the existing* mutagenesis methods that 
are in widespread use have distinct limitations when used for 
repeated cycles. - . ' 

Evolution, of rv.ost organisms occurs by natural selection 
and sexual reproduction. Sexual reproduction ensures mixing and 
combining of zhe genes o*f the offspring of the. selected 
individuals., Dunne -eiosis, horiOlcgous chromosomes from, the . • 
parents line up with one ■ -.:nother ' and cross-over part ■ way • a long 
their length, thus swapping genet ic , -aterial . .Such swapping or 
shuf fling of the' DNA a 1 lows' organisms 'to evolve, more rapidly ■(!,• 
2) . In sexual recombinat ion / because the inserted sequences,- were, 
of proven -utility in a homologous environment, the inserted 
sequences are lih'e.ly to still have substantial information 
content once they are inserted' .into the new sequence. / ' ■ 

.Marton et al.,(27) describes the. use of PGR in vitro 
to monitor recombination in a plasm.id having directly repeated 
sequences., Marton et al. discloses that recombination will occur ■ 
during . PGR as- a result of breaking or nicking-, of the DNA. , This 
will give rise to recombinant molecules^ - Meyerhans et al . (23) 
also disclose the existence of DN*A , recombination during in vi tro 
PGR. 

The term Applied Molecular Evolution ('*A.ME") means the 
application of an evolutionary design algorithm' to a specific, 
useful goal. While many different library formats for AME have 
been reported for polynucleotides (3, 11-14), peptides and 
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proteins (phage (15-17), lad (18) and polysomes, in none of 
these formats has recombination by random cross-overs. been used 
^ to deliberately- create a combinatorial library. 

Theoretically there are 2,000 different single mutants 
5 of a 100 amino acid protein. A protein of 100 amino acids has 
20^^^ possible combinations of mutations, a number which is too 
large to exhaustively explore by conventional methods. It would 
be advantageous -to develop a system which would" allow the 
generation and screening of all of these possible combination 
10 mutations. . 

Winter and coworkers (43,44) have utilized an in vivo 
site specific recombination system to combine light chain 
antibody genes with heavy chain antibody genes for expression in 
a phage system. However^, their systen relies. on specific sites 
15 of recombination and thus is limited. Hayashi et al. (46) report 
simultaneous mutagenesis of antibody CDR regions in single chain 
antibodies (scFv) by overlap extension and ?CR . 

Caren et al. (45) describe a method for generating a 
large population of multiple r/utants using random in vivo 
20 recombination. However, their method reiquires the recombination 
of two different libraries of plasmids, each library having a 
different selectable marker. Thus the method is* liriited to a 
finite number of recombinations equal to , the number of selectable 
' . markers existing, and produces a concomitant linear increase in 
25 the number of m.arker genes linked to the selected sequencers) , 
Caren et al. does not describe the use of multiple selection 
cycles; recombination is used solely to construct larger 
libraries. 

Calogero et al, (46) and Gaiizzi et al. (47) report 
30 that in vivo recombination between two homologous but truncated 
insect-toxin genes on a plasmid can produce a hybrid gene. 
Radman et al. (49) report in vivo - recombination of • substantially 
mismatched DNA sequences in a host cell having defective mismatch 
repair' enzymes; resulting in hybrid miolecule formation, 
35 It would be advantageous to develop a method for the 

production . of mutant proteins which method allowed for the 
development of large libraries of mutant nucleic acid sequences^ 
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which we're easily searched. The. invention described herein is 
■directed to the use of repeated cycles of point mutagenesis, 
nucleic acid shuffling and selection which allow for the directed 
molecular evolution in vitro of highly complex linear sequences, 
5 such' as proteins through random recombination. 

■Accordingly, it would be advantageous- to' develop a 
method' which .allows' for the production of large liloraries of 
mutant DNA, RNA or, proteins and the selection of particular 
mutants f or a desired goa'l . , The invention described herein is 
10 directed to the use of repeated cycles of mutag.anesis , in vivo 
recombination and selection which allow for the directed 
molecular evolution in vivo and in vitro of 'highly complex 
linear sequehces, such as DNA, RNA or proteins through 
recombination. ' ' ■ 

' ^ Further advantages of the present invention will become 
apparent from the. following descr- ipt ion of 'the invention with 
' ■ reference to the attached' drawings. ' , ' - 

. '■ SU>T>1ARV 0" THE I N'^^/ ENTI.6^.' - ■ 

2'0 -The present invention is 'directed to a method for 

generating a selected polynucieot ice sequence or population of 
selected polynucleotide sequences, typically in the' form of 
•.amplified and/or cloned •polynucleGt ides , whereby the. selected 
polynucleotide sequence (s) possess a desired phenotypic' 
25 characteristic ( e . g encode a polypeptide , promote transcription ' 
of linked polynucleotides, bind protein, and the like) which", 
can be selected for. One method of identifying polypeptides that ' 
possess a, desired, structure or functional property, such . as 
' binding, to a predetermined biological macromolecule (e.g., a 
30_ receptor) , involves -the screening . of a . large-, library ' of 
polypeptides for individual library members which possess the 
desired structure or functional property conferred by the amino, 
acid sequence of the polypeptide; 

In a general aspect, the invention provides a method, 
35 termed "sequence shuffling", for generating libraries of 
recombinant polynucleotides having a desired characteristic which 
can be selected or screened for. Libraries of recombinant 
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research, and related purposes (e.g., catalysts , solutes for 
increasing osmolarity of an aqueous solution, and the like) , 
and/or can be subjected to one or more additional cycles of 
shuffling and/or affinity selection. The method can be modified 
such that the step of selecting is for a phenotypic 
characteristic other than binding affinity for a predetermined 
molecule (e.g., for catalytic activity, stability, oxidation 
resistance, drug resistance, or detectable phenotype conferred 
on a host cell) . 

In one embodiment, the first plur^ality of selected 
library members is fragmented and homologously recombined by PCR 
in vitro . Fragment generation is by nuclease digestion, partial 
extension PGR amplification, PCR stuttering, or other suitable, 
fragmenting means, such as described herein. Stuttering is ' 
fragmentation by incomplete polymerase extension of templates. 
A recombination format based .on very short PCR extension times 
was employed to create partial PCR products, which continue to 
extend off a different template in the next (and subsequent) 
cycle ( s ) . 

In one embodiment, the first plurality of selected 
library members is fragnented i_n vitro , the resultant fragments 
transferred into a host cell or organism and homologously 
reconibined to form shuffled library members in vivo . 

In one embodiment, the first plurality of selected 
library members is cloned or amplified on episomally replicable 
vecuors, *a multiplicity of said vectors is transferred into a 
cell and homologously recombined to form shuffled I ibrary. members 
in vivo . 

In one em.bodiment, the first ' plurality cf selected 
library members is not fragmented, but is cloned or amplified on 
an episomally replicable vector as a. direct repeat or indirect 
(or inverted) repeat, which each repeat comprising a distinct 
species of selected library member sequence, *said vector is,: 
transferred into a cell and homologously recombined by intra- , 
vector or inter-vector recombination to form shuffled library 
members in vivo. 
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In an embodiment , combinations of in vitro and in vivo 
.shuffling are provided to enhance, combinatorial diversity. 

The. present invention provides a method for generating 
libraries of displayed antibodies suitable for affinity 
5 interaction screening. The method comprises (1) obtaining a. 
first plurality of selected library members comprising a 
displayed antibody and an associated polynucleotide encoding said 
displayed' antibody , and obtaining said associated polynucleotides 
or ^ copies thereof; wherein- said as;soci,a,ted polynucleotides 
10 comprise a region 'of substantially identica_l variable region 
'/framework' " sequence,, and ,(2,) pooling ' arid fragmenting said 
associated polynucleotides* or copies to form fragments thereof 
under conditions suitable for PGR amplification and thereby 
homologously recombining said fragments to form a shuffled pool^ 
15, of recombined polynucleotides coriprising novel combinations of 
- CDRs, ■ whereby a substantial fracrion '(e.-g.', greater than . 10 ' 
■ " percent.) ■ of the recorr:bined pol yr.uc ieotides of said shuffled pool 
" ;,conprise • CDR combinations whicr: are not present in the first ' 
plurality of selected library -er.bers , said., shuffled pool ' 
20 composing a library of 'displayed antibodies comprising CDR 

■ permutations and, suitable for affinity interaction screening. 

: Optionally:, the shuffled .pool is subjected* to affinity screening 
■^to select shuffled library ".e-bers which-bind to 'a predetermined- 
epitope (antigen,).' and thereby selecting a- plurality of selected 
25 shuffled, library members . Optionally^ the plurality of selected 
,>huff-led • -library ■ members 'can be shuffled ^ -and screened 

■ iteratively, "from 1 to about^ lOOO' cycles or as- desired until 
library members having a desired binding affinity 'are obtained. 

• ' ■ Accordingly, ■ one- aspect ot the - present., invention 

30 J provides a method , for introducing one or more mutations, into: a. 
template double-stranded polynucleotide, wherein the template 
double-stranded polynucleotide has been cleaved or PGR amplified 
(via partial extension or stutter ing) > into random . fragments of- 
a desired' size , by adding to the resultant population of double- 
35 stranded fragments one or more single or double-stranded- 

■ oligonucleotides, wherein said oligonucleotides comprise an area 
of identity and an area of heterology to the template 



wo 97/20078 



PCT/US96/19256 



polynucleotides are generated from a population of related- 
sequence polynucleotides which comprise sequence regions which 
have substantial sequence identity and can be homologously 
recombined iji vitro or in vivo. In the method, at least two 
species of the related-sequence polynucleotides are combined in 
a recombination system suitable for generating sequence-, 
recombined polynucleotides, wherein , said sequence-recombined 
polynucleotides comprise a portion of at least one first species 
of a related-^sequence polynucleotide with at least one adjacent 
portion of at least one second species of _a._related-sequence 
polynucleotide; Recombination systems suitable for generating 
sequence-recombined polynucleotides can be either: (1) in vitro 
systems for homologous recombination or sequence shuffling via 
amplification or other formats described herein, or (2) jjn vivo 
systems for homologous recombination or site-specific 
recombination as described herein. The population of sequence- 
recombined polynucleotides " comprises a subpopulat ion of_. 
polynucleotides which possess desired or advantageous 
characteristics and which can be selected by a suitable selection^ 
or screening method. The selected sequence-recombined^ 

polynucleotides, which are typically related-sequence 
polynucleotides, can then be subjected to at least one recursive 
cycle wherein at least one selected sequence-recombined 
polynucleotide is combined with at least one distinct . species pf^ 
related-sequence polynucleotide (which may itself be a selected 
sequence-recombined polynucleotide) in a recom.bination system 
suitable for- generating sequence-recombined polynucleotides, such 
that additional generations of sequence-recombined polynucleotide 
sequences are generated from the selected sequence-recombined 
polynucleotides obtained by the selection or :screening method 
employed. In this manner, recursive sequence recombination 
generates* library members which are sequence-recombined 
polynucleotides possessing desired characteristics. Such' 
characteristics can be any property. or attribute capable of being 
selected for or detected in a screening system, and may include- 
properties of: an encoded protein, a transcriptional element, a 
sequence controlling transcription, RNA . processing, 
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stability, chromatin conformation, translation; or other 
expression property of a gene • or transgene, a replicative 
■ element, a protein-binding element, or the like, such- as any 
feature which confers a selectable or detectable property. 
5 The present invention provides a method for generating 

libraries of displayed polypepT^des or displayed antibodies 
. suitable for affinity ihteracrj.on screening or -phenotypic 
screening. The method comprises (1) obtaining a first plurality ^ 
of selected library members comprising a displayed polypeptide 
10 -or displayed antibody and an associated polynucleotide encoding 
.said displayed polypeptide or displayed antibody, and obtaining 
, said associated polynucleotides or copies thereof wherein said 
associated polynucleotides comprise a region of substantially 
identical sequence opt ionally introducing nutations into said 
15 polynucleotides or copies, and (2) pooling and fragmenting, by 
nuclease digestion/ partial extension ?CR amplification, PGR 
stuttering, or ' other suitable fragmenting [ means-, t\T)ically 
producing random fragments, or fragm.ent equivalents, said ' 
associated polynucleotides or copies ■ to form fragments thereof 
20 under conditions suitable for PCR amplif icat ion , performing PGR 
, amplification and*' - optionally. ■ mutagenesis, and. thereby 
hpmologously recomLbining said fragments to form a shuffled pool 
bf recombined ' polynucleotides / whereby a substantial, fraction 
( e . g . , ^greater than 10 percent) of the recombined polynucleotides 
25- of said shuffled, pool are not pres'^nt in the first plurality/of 
selected library members, said shuffled pool composing a library 
- of ' displayed polypeptides or displayed antibodies suitable f or 
affinity interaction. screening . Optionally, the method comprises 
the additional step of screening the library members of the 
3-0 shuffled pool, to identify individual shuffled library members 
having the ability to, bind or otherwise interact (e.g., such as ' 
catalytic antibodies) with a predetermined macromolecule , such 
'as' for example a prote inaceous receptor, peptide, 
oligosaccharide, virion, or other predetermined compound or 
35 structure. The displayed polypeptides , antibodies, pept idomimetic 
antibodies, and variable region sequences that are identified 
from such libraries can be used for therapeutic, diagnostic. 
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polynucleotide; denaturing the resultant mixture of double- 
stranded random fragments and oligonucleotides into .single- 
stranded fragments; incubating the resultant population of 
single-stranded fragments with a polymerase under . conditions 
5 which result in the annealing of said single-stranded fragments 
■ at regions of identity between the single-stranded fragments and 
formation of a mutagenized double-stranded polynucleotide"; and 
repeating the above steps as desired.. 

In another aspect the present invention is directed to 
10 ' a method of producing recombinant proteins haying biological 
activity by treating a sample comprising double-stranded template 
polynucleotides encoding a wild-type protein under conditions 
which provide for the cleavage of said template polynucleotides . 
into random double-stranded fragments having a desired size; 
15 adding to the resultant population of random fragments .one or 
more single or double-stranded oligonucleotides, wherein said 
oligonucleo::ides comprise areas of identity and areas of^ 
' heterology to the template polynucleotide;, denaturing the 
resultant fixture of double-stranded fragments and_ 
20 oligonucleotides into single-stranded fragments; incubating the 
resultant population of sin:; le-stranded fragments with a 
polymerase under conditions which result in the annealing of said 
single-stranded fragments at the areas of identity and formation 
; of a mutagenized double-stranded polynucleotide; repeating the 
25 above steps as desired; and then expressing the recombinant 
protein from the r.utagenized double-stranded polynucleotide. 

A third aspect of the present invention is directed to 
a method for obtaining a chimeric polynucleotide- by treating a 
sample comprising different double-stranded template 
30 polynucleotides wherein said different template polynucleotides 
contain areas of identity and areas of heterology under 
conditions which provide for the cleavage of said template 
polynucleotides into rando- double-stranded fragments of a 
desired size; denaturing the resultant random double-stranded 
05 fragments contained in the treated sample into single-stranded 
■ fragments; incubating the resultant single-stranded fragments 
; with polymerase under conditions which provide for the annealing 
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of the ?ingle-stranded fragTuents at the areas of identity and the 
fOirmation of a chimeric double-stranded polynucleotide sequence 
comprising template polynucleotide sequences; and repeating the 
above steps as desired. 

A fourth aspect of the present invention is directed 
. to a method of replicating a template polynucleotide by combining 
in vitro single-stranded template polynucleotides with small 
random single-stranded fragments resulting from the cleavage and 
denaturation of the template, polynucleotide , and incubating .said 
mixture of nucleic acid fragments in the prese_nce ,of. a nucleic 
acid polymerase under conditions wherein a. population of double- 
stranded template polynucleotides is formed. 

The invention also provides the use of polynucleotide 
shuffling, in vitro and/or in vivo to shuffle polynucleotides 
encoding polypeptides and/or polynucleotides comprising 
transcriptional regulatory sequences. 

The invention also provides, the use of polynucleotide 
shuffling to shuffle a population of viral genes- (e.g., capsid , 
proteins, spike, glycoproteins,, polyr^.erases , proteases, etc..) or 
viral genomes (e.g., paranyxovir idae ,. prthomyxovir idae , 
herpesviruses, retroviruses, reoviruses, rhinoviruses , etc.). 
In an embodiment,, the invention, provides a method for; shuffling, 
sequences encoding all or portions of irjT.unogenic. viral proteins 
to generate novel combinations of epitopes as well as' novel 
epitopes created by reco-bination ;. such shuffled viral proteins 
may comprise epitopes or combinations of epitopes which are 
likely to arise in the natural environment as a consequence of 
viral evolution (e.g., such as recombination of influenza virus, 
strains) . 

The invention also provides the use of polynucleotide 
shuffling to shuffle a population of protein, variants,, such as ' 
taxonomically-related, structurally-related, and/ or functionally- 
related enzymes- and/or mutated variants thereof to create . and 
identify advantageous novel polypeptides, such as enzymes having 
altered properties of catalysis, temperature profile, stability, 
oxidation resistance, or other desired feature which can be 
selected for. Methods suitable for molecular evolution and 
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directed molecular evolution are provided. Methods to focus 
selection pressure (s) upon specific portions of polynucleotides 
(such as a segment of a coding region) are provided. 

The invention also provides a' method suitable for 
shuffling polynucleotide sequences for generating gene. therapy 
vectors and replication-defective gene therapy constructs such 
as may be used for human gene therapy^ including but not limited 
to vaccination vectors for DNA-based vaccination, as well as 
anti-neopiastic gene therapy and other gene therapy formats. 

,The invention provides, a method^ for generating an 
enhanced green fluorescent protein (GFP) and fjolynucleotides 
encoding same, comprising performing DNA shuffling on a GFP 
encoding expression vector and selecting or screening for 
variants having an enhanced desired property, such as enhanced 
fluorescence. In a variation, an embodiment comprises a step of 
error-prone or mutagenic ar.plif ication*/ propagation in' a mutator 
strain (e.g., a host cell havinc a hypermutational phenot.)^;pe ; 
mut^, etc.; yeast strains such as those described in Klein (1995) 
Proq'r. Nucl.' Acid Res. Mol. 3iol. 5 1 : 217, incorporated herein 
by reference) , chemical r/Jtagenesis , or site-directed 
mutagenesis. In an eir.bodir.ent , the enhanced GFP protein 
comprises a point mutation outside the chronophore region (amino 
acids - 64-69) , preferably in the region from amino acid 100 to 
amino acid 173, with specific preferred embodiments at residue 
100, 154,. and 164; typically, the mutation is a substitution 
mutation, such as FIOOS, y.l54T or V164A. In an embodiment, the 
mutation substitutes a hydrophiiic residue for a hydrophobic 
residue. In an erribodiment , multiple riutations are present in the 
enhanced GF? protein and its encoding polynucleotide. The 
invention also provides the use of such an enhanced GFP protein,, 
such as for a diagnostic reporter for assays and high throughput 
screening assays and the like. • \ ■ ' 

The invention also provides for improved embodiments 
for performing in vitro sequence shuffling. In one aspect, the 
improved shuffling method includes the addition of at least one 
additive . which enhances the rate or extent of reannealin'g or 
recombination of related-sequence polynucleotides. . In an 
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embodiment, the additive is polyethylene glycol (PEG), typically 
added to a shuffling reaction to a final concentration of 0.1 to 
25 percent, often to a final concentration of 2.5 to 15 percent, 
to a final concentration of about '10 percent. In an embodiment, 
5 the additive is dextran sulfate, typically added to a shuffling 
reaction to a final concentration- of 0.1 to 2 5 percent, often at 
about 10 percent. In an embodiment, the additive is an agent 
which reduces sequence specificity of reannealing and promotes 
promiscuous hybridization and/or recombination In vitro . In an 
'10 alternative embodiment, the additive is an agent_^hich increases 
sequence specificity of reannealing and promotes high fidelity 
hybridization and/or recombination in vitro , Other * long-chain 
. polymers which do not interfere with the reaction may also be 
■used (e . g .,• polyvinylpyrrolidone , etc.). 
15' In one aspect, the ir>proved shuffling method includes 

the addition of' at least one additive which is a cationic 
detergent. Exar.ples of suitable cationic detergents include but- 
are- not limited' to: cetyltr inethy iammonium bromide (CTA3) ; 
dodecy Itr i.methy iarrjr.oniu:?. bronide (DTA3), and tet ramethy lanyr.onium 
.20 chloride (TMAG),;and the like.' 

In one aspect, the iniproved shuffling method includes 
the addition of at least -one additive which is a reconbinogenic 
protein that catalyzes or non-cata lyt ically enhances homologous 
pairing and/or strand exchange in vitro . Examples of suitable 
25; recombinogenic proteins include but are' not limited to: -E. coli 
recA protein, the TA uvsX protein, the reel protein from Ustilago 
^maydis, other recA tar;ily recombinases from other species, single 
strand binding, protein (SS3) r ibonucleoprotein, Al , and the like. 
Shuffling can , be ' used to improve one or more properties of a 
30 _ recombinogenic . protein; for example, mutant ' sequences . encoding 
recA can be shuffled and improved heat-stable variants selected 
by recursive sequence recombination. 

Non-specific (general recombination) recombinases such 
as Topoisomerase I, Topoisomerase TI (Tse et al; (1980) J. Biol. 
3S Chem. 2 55 : 5560; Trasketal. (1984) EMBO J. 3: 671, incorporated 
herein by reference) and the like can be used to catalyze in 
vitro recom.bination reactions to shuffle a plurality of related 
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sequence polynucelotide species by the recursive methods of the 
invention. 

In one aspect, the improved shuffling method includes 
the addition of at least one additive which is an enzyme having 
5 an exonuclease activity which is active at removing non-templated 
nucleotides introduced at 3 ' ends of product polynucleotides in 
shuffling amplification reactions catalyzed by a non-proofreading 
polymerase. An , example of a suitable enzyme having an 
exonuclease activity includes but is not limited to Pfu 

10 polymerase. Other suitable polymerases include,, but are not 
limited to: Thermus flavus DNA polymerase (Tfl) 
Therraus thermophilus DMA polymerase (Tth) 
Thermococcus litoralis DNA polymerase (Tli, Vent) 
Pyrococcus Woesei DNA polymerase (Pwo) 

15 Thermotoga maritima DNA polymerase (UltMa) 

Thermus brocKianus DNA polyrT^erase ( Thermo 2 vTie ) 
Pyrococcus furiosus DNA polv^uerase (?fu) 
Therir.ococcus sp. DNA polymerase (S'N^n) 
.Pyrococcus sp. DN'A polymerase ('Deep Ver.t') 

20 Bacteriophage T4 DNA polymerase 
Bacteriophage T7 DNA polv^merase 
E. coli DNA polyiTierase I (native and Kienow) 
Z. coli DNA polyTierase III. 

In an aspect, the improved shuffling r.ethod comprises 

25 the modification wherein at least one cycle of amplification ' 
(i.e.; extension vith a polym.erase ) of reannealed fragrriented 
library member polynucleotides is" conducted under conditions 
which produce a" substential fraction, typically at least 20 
percent or" more, of incompletely extended amplification products. 

30 The amplification products, including the incompletely extended 
'amplification products are denatured and subjected to at least 
one additional cycle of re'annealing ■ and am.plif ication . .This 
variation, wherein at least one cycle of reannealing ^ and 
amplification provides a substantial fraction of incompletely 

35 extended products, is termed "stuttering" and in the subsequent" 
amplification round the incompletely extended products reanneal 
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to and.prinie extension on different sequence-related template 
species . . ; 

In an aspect, the improved shuffling method . comprises 
the modification, wherein at -least one cycle of amplification is 
5 conducted using a collection of overlapping single-stranded DNA 
fragments of varying lengths corresponding - to a first 
polynucleotide species or set of related-sequence polynucleotide 
species, wherein each overlapping fragment can each hybridize to 
and prime polynucleotide chain extension from a second 
10 polynucleotide species' serving as a ' templ^t^, .thus forming 
sequence-recombihed pblynuclebtides', 'wherein said sequence- 
recombined polynucleotides comprise a portion of at least one 
'first polynucleotide species with; .an adjacent portion of the 
, second polynucleotide species which 'serves as a template. In a 
15 variation, the ■ second ^ po lyn'jcleot ide .species serving as a 
template' contains uracil (i.e., a Kunkel-type template) and is 
substantially non-replicable .in/ cells ' This, aspect of the 
invention can also comprise at least two recursive cycles of this 
variation . ' 
20 , In an embod iment , ^ ?CR .can be conducted wherein' the' 

nucleotide mix comprises a nucleotide species having uracil as 
.the base. The ?CR product ( s )- can then be fragmented by digestion / 
with UDG-glycosylase 'Which produces strand ' breaks , The fragment 
^- size can be controlled by the , fraction of uraci 1-containing NTP 
2 5 '■ in' the PGR mix . ■ ' , , / ' ' ■ " . : 

In an aspect, the improved shuffling method comprises 
the modification wherein at least, one cycle of amplification is 
conducted with ah additive or polymerase, in suitable conditions ' 
which .promote template switching. 'In an embodiment where Taq 
30 polymerase is employed; for amplif:icatibn , addition .of .:recA- or. 
other polymerases (e.g.', viral polymerases,. reverse 
transcriptase) enhances ter^plate switching. Template-switching • 
can also be increased by increasing the DKA template 
concentration, among other r.eans known "by those skilled in the 
35 art.^ 

In an embodiment of the general method, libraries of 
sequence-recombined polynucleotides are generated from sequence- 
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related polynucleotides which are naturally-occurring genes or 
alleles of a gene. In this aspect, at least two naturally- 
occurring genes and/or alleles which comprise regions of at least 
50 consecutive nucleotides which, have at least 70 percent 
sequence identity, preferably at. least 9,0 percent sequence 
identity, are' selected from a pool of gene sequences, such as by 
hybrid selection or via computerized sequence analysis using 
sequence data from a database. In an aspect, at least three 
naturally-occurring genes and/or alleles which comprise regions 
of at least 50 consecutive nucleotides which, h_aye at least 70 
percent sequence identity, prefereably at least 90 percent 
sequence identity, are selected from a pool of gene sequences, 
such as by hybrid selection or via computerized sequence analysis 
using sequence data from a database. The selected sequences are 
obtained as polynucleotides, either by cloning or via DNA 
synthesis, and shuffled by any o: the various embodiments of the 
invention. 

In an embodiment of the invention, multi-pool shuffling 
is performed. Shuffling of r.jitiple pools of polynucleotide 
sequences allows each separate pool to generate a different 
combinatorial solution to produce the desired property. In this 
variation, the pool of parental polynucleotides sequences (or any 
subsequent shuffled library or selected pool of library members) 
is subdivided (or segregated) into two or more discrete pools of 
sequences and are separately subjected to one or more rounds of 
recursive sequence recombination and selection (or screening). 
If desired, optionally, selected library members from each 
separate pool may be recombined (integrated) in latter rounds of 
shuffling. Alternatively, multiple separate parental pools may 
be used. Inbreeding, wherein selected (or screened) library 
mem/oers within a pool are crossed with each other by the 
recursive sequence recor.binat ion methods of the invention, can 
be performed, alone or in combination with outbreeding, wherein 
library members of different pools are crossed with each other ■ 
by the recursive sequence recombination methods of the invention. 

.In an em-bodiir^ent of- the invention, the method comprises 
the further step of removing non-shuffled products (e.g., 
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parental sequences) from seguence-recombined« polynucleotides 
produced by any of the disclosed shuffling methods. Non-shuffled 
products can' be removed or avoided by performing^ amplification 
with: (1) a first PGR primer -which hybridizes to a first 
5 parental polynucleotide species but does not substantially 
hybridize to a second parental polynucleotide species/ and (2) 
a' second PGR primer which hybridizes to a second parental' 
polynucleotide species but does not substantially hybridize to 
the first parental polynucleotide species, such , that 
10 amplification ^occurs from templates comprising „the portion of the 
" first parental sequence which hybridizes to the first PGR primer 
and also comprising - the port ion of the second parental -sequence 
which hybridizes to the second PGR primer, thus only sequence-' 
recombine'd, polynucleotides are amplified. 
15 The invention also provides for alternative embodiments ■ 

for . performing i_n vivo sequence snuffling. In one aspect, the 
alternative shuffling method includes the use of inter-plasmidic 
recombination, wherein, libraries of sequence-recombined 
. polynucleotide' sequences are obtained by genetic recombination 
20 in vivo of compatible or non-co~pat;ible multicopy plasmids inside 
suitable host cells. When non-compatible plasmids are used, 
typically each plasm.i'd type has a distinct selectable marker and- 
selction for retention of each desired plasmid type is applied. 
"The related-sequence polynucleotide sequences to be recombined 
25 .are separately incorporated into separately replicable multicopy 
vector's, typically bacterial plasmids each having a distinct and 
separately selectable marker. gene (e.g., a drug resistance gene) . 
Suitable host cells are transformed v/ith both species of plasmid* 
and cells expressing both selectable marker genes, are selected 
30 and sequence-recombined sequences are recovered and can be. 
subjected to additional rounds of shuffling by any of the m.eans 
described herein. 

In one aspect, the alternative shuffling method 
includes the use of intra-plasmidic recombination, wherein 
35 libraries of sequence-recombined polynucleotide sequences are 
obtained. by genetic recombination in vivo of direct or inverted 
sequence repeats located on the same plasmid. In a variation,' 



18 



wo 97/20078 



PCTAJS96/19256 



the sequences to be recombined are flanked by site-specific 
recombination sequences and the polynucleotides are present in 
a site-specific recombination system, such as an integron (Hall 
and Collins (1995) Mol, Microbiol: 15:. 593, incorporated herein 
by reference) and can include insertion sequences, transposons 
(e.g., ISl) ; and the like. Introns have a low rate of natural 
mobility and can be used as mobile genetic elements both in 
prokaryotes and eukaryotes. Shuffling can be used to improve the 
performance of mobile genetic elements. These high frequency 
recombination vehicles can be used for the rapid_optimization of 
large sequences via transfer of large sequence blocks. 
Recombination between repeated, interspersed, and diverged DNA 
sequences, also called "homeologous" sequences, is typically 
suppressed in normal cells. However, in MutL and MutS cells, 
this suppression is relieved and rhe rate of intrachromosoma 1 
recombination is increased (Perir ez ai. ( 1996) Genetics 129 :. 
327, incorporated herein by referer;ce) . 

In an aspect of the invention,, mutator strains of host, 
cells are used zo enhance recor.bma t ion of more highly mismatched, 
sequence-related polynucleotides. Bacterials strains such as: 
MutL, .Mats, MutT, or MutH cr other cells expressing the Mut 
proteins (XL-lred; Stratagene, San Diego, c:-) can be used as host 
cells for shuffling of sequence-related polynucleotides by in 
vivo . recombination. Other mutation-prone host cell types can 
also be used, such as those having a proofreading-defective 
polymerase (Foster et al. (1995) Proc. Natl. Acad. Sci. (U.S.A.) 
92 : 7951, incorporated herein by reference). Mutator strains of 
yeast can be used, -as can hypermutational mammalian cells, 
including ataxia telangiectasia cells, such as described in Luo 
et al. (1996) J . . Biol . Chen. 271 : 4497 , incorporated herein by 
reference. 

Other in vivo and rn vitro mutagenic formats can be 
employed, including administering chemical or radiological 
mutagens to host cells. Exar.plGS of such mutagens, include but 
are not limited to.: MJ^U, EN'U, ViVUG , nitrosourea, BuDR, and the 
like. Ultraviolet light can also be used to generai:e mutations 
and/or ■ to' enhance the rate ' of recombination, such as by 
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irradiation of cells- used to enhance in vivo recombination, 
ionizing radiation and clastogenic agents can also be used to 
enhance mutational frequency and/or to enhance recombination 
and/or to effect polynucleotide fragmentation. 
■ 5 . . • ' . 

BRIEF DESCRIPTION' OF THE DRAWINGS 
Figure 1 is a schematic diagram comparing mutagenic 
shuffling over error-prone PGR; (a) the initial library; (b) pool 
of selected sequences in first round of affinity selection; (d) 
10 invitro recombination of the selected sequen^es_ ( 'shuffling ') ; 
(f) pool of selected sequences in 'second round of affinity 
selection after shuffling; (c) error-prone PGR; (e) pool of 
selected sequences in second round of affinity selection after 
error-prone PGR. 

15 Figure 2 illustrates the reassembly of a I'.O kb Lac2 

alpha gene fragment frorr. 10-50 bp random fragments. (a) 
Photograph of a gel of PGR anplified DN'A fragment having the LacZ 
alpha gene. (b) Photograph cf a. gel of DKA - fragments after 
digestion with DNAsel . (c) Photcgraph of a gel of DNA fragments 

20 of 10-50 bp purified fr-.m the digested LacZ alpha gene DNA 
fragment; (d) Photograph of a gel of the 10-50 bp DNA fragments 
after the indicated number of cycles of DNA reassembly;, (e) 
Photograph of a gel of the recombination mixture . after 
amplification by PGR with prirers. . ' 

25 . Figure' 3 is a schematic illustration of the LacZ alpha 

gene stop codon mutants ana their DNA sequences. The boxed 
regions are heterologous areas, serving as markers. The stop 
codons are located in smaller boxes or underlined. indicates 
a wild-type gene and indicates a mutated area . in the gene. 

30 ' . . Figure .4 is a schematic illustration of; the 

introduction or spiking of a synthetic oligonucleotide into the 
reassembly process of the LacZ alpha gene. 

Figure 5 illustrates the regions of homology between 
a murine ILl-B gene (M) and a human ILl-B gene (H) with E. coli 

35 codon usage. Regions of heterology are boxed. The "_j " 
indicate crossovers obtained upon the shuffling of the two-genes. 
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. V Figure 6 is a schematic diagram of. the antibody CDR 

shuffling model system using the scFv of 'anti-rabbit IgG antibody 
(AlOB) • . - 

Figure 7 (panels A-D) . illustrates, the observed 
5 frequency of occurrence of , certain combinations of CDRs in the 
.shuffled DNA of the scFv. Panel (A) shows the length and 
mutagenesis, rate of all six synthetic CDRs. Panel (B) shows 
library construction by shuffling scFv with all six CDRs. Panel 
(C), shows CDR insertion determined by PCR with primers for native 
10, CDRs. Panel (D) shows insertion rates and ..distributions of 
synthetic CDR insertions. 

Figure 8 illustrates the improved avidity of the scFv 
anti-rabbit antibody after DNA shuffling and each cycle of • 
selection. 

,15 Figure 9' sche-ua t ica lly portrays p3R3 2 2-Sf i-BL-L.^-Sf i 

^nd in vivo intraplasnidic reccr.bi nation via direct, repeats, as 
well as the rate of generation of a-picillin-resistant colonies^* 
by intraplasmidic 'recon\binat ion reconstituting a functional beta-- 
lactar?.ase gene. 

20 Figure iO scherr.a t ica i iy portrays pBR3 22 -Sf i-2Bla-Sf i* 

in vivo intraplasnidic recor.bination via direct repeats, as ■ 
well as the rate of generation of ar.pic i 1 1 in-res i stant - colonies^' 
by intraplas" id ic recbr^binat ion reconstituting a functional beta-- 
iactariase gene. ' ■ , 

25 Figure 11 illustrates the method .for testing the 

efficiency of multiple rounds pf hor.ologous reconbination after 
the introduction of polynucleotide fragments into cells for the 
generation of recombinant proteins. 

• Figure 12 schematically portrays generation of a 

30 library of vectors by shuffling cassettes at the following loci: 
pro-oter, leader peptide,, terminator, selectable drug resistance 
gene, and origin of replication. The multiple parallel lines at 
each locus represent the^ multiplicity of cassettes for that 
cassette. ' . 

.35 • ^ Figure 13 schemiatically shows some examples of 

cassettes suitable at various loci for constructing prokaryotic 
vector libraries by shuffling. 
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.Figure 14 shows the prokaryotic GFP expression vector - 
PBAD-GFP. (5, 371. bp) was derived from pBADlS (Guzman et.al. (1995) 
J . Bacteriol . 177 : 4121) . The eukaryotic GFP expression vector' 
Alpha+GFP (7,591 bp) was derived from the vector Alpha-f- 
5 (Whitehorn et.al. ri995) Bio/Technoloav 13 : 1215). . 

Figure 15A and- 15B show -comparison of the f luorescence, 
of different GFP constructs in whole E. coll cells . Compared are 
the 'Clontech' construct which contains a 24 amino acid N- 
. terminal extension, the Affymax wildtype construct ('wt»., .with 
10 improved codon usage), and the mutants obtained --a^4:er 2 and after 
3 cycles of sexual PGR. and selection (• cycle 2', 'cycle 3'). The 
.'Clon-tech* construct was induced with IPTG, whereas the other 
constructs were induced with arabinose.. All samples were assayed 
at equal 00^^^. Figure ISA" shows fluorescence spectra .indicating 
15 that the whole cell fluorescence signal from the ' wt ' 'construct ' 
is 2.S-fold greater than fron the 'Clontech' construct. The 
signal of the' 'cycle 3' mutant is 16-fold increased over the 
Affymax • wt ' , and 45-fold over the 'Clontech' • wt construct. 
Figure 153 is a comparison of excitation spectra, of GFP 
.20 constructs in £ . coll. The- pea'k excitation wavelengths- are 
unaltered by the mutations that were selected. 
• ' Figure 16 shows SD5-PAGE ' analysis of relative GFP' 

■protein expression levels. Panel (a)': 12% Tris-Glycine SDS-PAGE 
analysis (Novex, Encinitas, CA) of equal amounts (OD600) Of .whole 
25 , E. coli .cells expressing the v/ildtype, the cycle 2 mutant or the 
cycle 3 mutant of GFP. Stained with Coomassie. Blue'. GF? (27 kD), 
represents about 75% of total protein, and the selection did not/ 
increase the expression level. Panel "(b) 12% Tris-Glycine SDS- 
PAGE analysis (Novex, Encinitas, CA) of equal amounts (OD600) of 
30 'E. coli fractions . Lane 1: Pellet of lysed ceils express ing-' wl: 

. GFP; lane 2: Supernatant of lysed ceils expressing wt GFP. 
* ■ Most of the wt GFP is in inclusion bodies; lane 3:^ Pellet of 
lysed cells expressing cycle 3 mutant GFP; lane 4: Supernatant' 
of lysed cells expressing cycle 3 ' mutant GFP. Most of the wt 
35 GFPis soluble. The GFP that ends up in inclusion bodies does not 
contain the chromophore, since there is no detectable 
fluorescence in this fraction. 
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Figure 17 shows mutation analysis of the cycle 2 ajid 
cycle 3 mutants versus wildtype GFP. Panel (A) shows that the 
mutations are spread out rather than clustered near the. 
tripeptide chromophore. , Mutations FIOOS, M154T, and V164A 
5 involve the replacement of hydrophobic residues with more 
hydrophilic residues. The increased hydrophilicity may help 
guide the protein into a native folding pathway rathfer than 
toward aggregation and inclusion body formation. Panel (B) shows 
a restriction map indicating the chromophore region, and positions 
10 of introduced mutations. -.-7__ 

Figure 18A and 18B. show comparison of CHO cells 
expressing different GFP proteins. Figure 18A is a FAGS analysis 
of clones of CHO cells expressing different GFP mutants. Figure 
188 B shows fluorescence spectroscopy of clones of CHO cells 
15 expressing different GFP inutants. 

Figure 19 shows enhancen-ient of resistance to -arsenate 
toxicity as a^result, cf shuffling the pGJ103 plasnid containing 
the arsenate detoxification ^athwav ooeron. 

Figure 20 schematically shows the generation of, 
20 combinatorial libraires --.sing synthetic or naturally-occurring 
intron sequences as the basis for reconibining a plurality of 
exons species which can lack sequence identity (as exemplified 
by random sequence exons), wherein homologous and/or site- 
specific recorr.binat ion -occurs between intron sequences, of 
25 distinct library rrieir.bers. 

Figure 21 scher.at ically shows variations of the method 
for shuffling exons. The nur^bers refer to reading frames, as. 
demonstrated in panel (A). Panel (3). shows, the various classes 
of intron and exon relative to their individual splice ' frames . 
30 Panel (C) provides an example of a naturally-occurring gene 
(immunoglobulin V genes) suitable for shuffling. Panels D 
through F shov;s how multiple exons can be ooncatemerized via PGR 
using primers which span intron segTr^ents, so that proper splicing 
^ frames are retained, if desired. /Panel (G)- exemplifies the exon 
35 shuffling process (IG; immunoglobulin exon; IFN: interferon exon) 
Figure 22 schematically shows an exon splicing frame 
diagram for several human genes, showing that preferred units for 
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shuffling exons begin and end in the same splicing frame, such 
that a splicing module (or shuffling exon) can comprise multiple 
naturally-occurring exons but typically has the same splicing 
frame at each end. 
^ 5 Figure 23 schematically shows how partial PCR extension 

(stuttering) can be used to provide recursive , sequence* 
recombination (shuffling) resulting in a library of chimeras 
representing multiple crossovers. 

Figure 24 shows how stuttering can be used to shuffle 
10 a wild-type sequence with a multiply- mutated sequence to generate 
an optimal set of mutations via shuffling. 

Figure 25 schematically shows ■ plasmid-plasmid 
recombination ■ by electroporation of a cell population 
representing multiple plasmid species, present initially as a 
15 single plasmid species per cell prior to electroporation and 
multiple plasmid -species per cell suitable for ij^ vivo 
recombination subsequent to ' electroporation of the cell 
population. - . 

Figure 25 shows plasr.-rd-plasr.id recombination.*- 
20 ■ " ■ ' Figure; 27 . shows plasr.id-virus recombination. 

■ ' . Figure 23 shows virus-virus recombination. ■ 

Figure 29 'shows plasr.id-chromosome recombination. 
Figure 3 0 shows conjugation-mediated recombination.' 
Figure 31 shows Ab-phage recovery rate versus selection 
25 cycle. Shuffling was applieid after, selection rounds two to 
eight. Total increaseis 4 40-fold. 

Figure 32 shows binding specificity after ten selection 
rounds, including two rounds of backcrossing . ELIS.^ signal of 
different Ab-phage clones for -eight human protein targets. 
.30 Figure- 3 3 shows Ab-phage recovery versus mutagenesis- 

method . 

DESCRIPTION OF THE PP.EFERRED EMBODIMENTS 
The present invention relates to a method for- nucleic 
35 acid, molecule reassembly after random fragmentation and ' its 
application to mutagenesis of DN'A sequences. Also described is 
a method for the production of nucleic acid fragments encoding 

2^ ' 
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mutant, proteins having enhanced biological activity. In 
particular, the present invention also relates to a method of 
repeated cycles of mutagenesis, nucleic acid shuffling and 
selection which allow for the creation of mutant proteins having 
5 enhanced biological activity. 

; . . ^ The present invention is directed to a method for 

" generating a very large library of DNA, RNA or protein mutants; 
in embodiments where a metabolic enzyme or multicomponent pathway 
is subjected to shuffling, a library can compose the resultant 
10 metabolites -in addition to a library of the shuffled enzymefs). 
This method ,has particular advantages in the generation of 
related DNA fragments, from which the desired nucleic acid 
fragment(s) may be selected. In particular the present invention 
also relates to a method of repeated cycles of mutagenesis, 
15 homologous recombination and selection which allow for the 
creation of mutant proteins having enhanced biolcgicai activity. 

• However, prior to discussing this invention in further 
detail, the following terms will first be defined. 

2 0 De f i n it ions 

As used 'herein, the foliowinc terms have the following 
..■ meanings : 

The term "DN'A reassembly" is used when recombination occurs 
between' identical sequences. 
25 3y contrast, the term "DNA shuffling" is used herein to 

indicate recombination between substantially homologous but non- 
identical sequences, in some emibodim.ents DN'A shuffling may 
involve crossover via nonhomologous recom.bina tion , such as via 
cre/lox and/or flp/frt systems and the like, such that 
30 recombination need not require substantially homologous 
polynucleotide sequences. Homologous and' non-homologous 

■ recombination ■ formats can be used, and, in some embodiments, can • 
-generate molecular chimeras and/or molecular' hybrids • of 
substantially dissimilar sequences. 
35 The term "amplification" means that the number of copies of 

a nucleic acid fragment is increased. . , 

2 5, • 
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The term' "identical" or "identity" means that two nucleic 
acid ' sequences have the same sequence or a complementary 
sequence. Thus, "areas of identity" means that regions or. areas 
of a nucleic acid fragment or polynucleotide are identical or- 
5 complementary to another polynucleotide or nucleic acid fragment. 
The term "corresponds to" is used herein to mean that 
a polynucleotide sequence is homologous (i.e., is identical, not 
strictly evolutionarily related) to all or a portion of a 
reference polynucleotide sequence, or that a polypeptide sequence 
10 :is identical to a reference polypeptide _ _3equence . In 
- contradistinction, ' the term "complementary toV is used herein to 
mean that the complementary, sequence is homologous to all .or a 
portion of- a reference polynucleotide sequence. For illustration, 
the nucleotide sequence "TATAC" corresponds to a reference 
15 sequence. "TATAC" and is complementary to a reference sequence 

o 1 ^. i .n . 

The following terms are used to describe the ^ sequence 
relationships between two or r.ore ' polynucleotides refere-nce 
sequence", "comparison window", "s-rtquence identity", "percentage 

20. of sequence ■ identity " , and "substantial identity". A" "reference 
sequence" is a defined sequence used as - a basis for a sequence 
comparison; a reference sequence rr^ay be a subset of a larger 
■.sequence, for example, as a segment of a; f ul 1-length cDNA or gene 
sequence given in a sequence listing, such as a polynucleotide 

25 -sequence of Fig, 1 or Fig. 2 (b) , cr may comprise a^complete cDNA 
or gene sequence. Generally, a reference sequence is at least 

■ 20 nucleotides" in length, frequently at least 25 nucleotides in 
.length, and often at least 50 nucleotides in length.: Since tw.o 
polynucleotides may each (1) comprise a sequence (i.e., a portion 

30 of the complete polynucleotide sequence) that . is , similar between' 
the two polynucleotides, and (2) m.ay further comprise, a sequence, 
that is divergent between the two polynucleotides, sequence 
comparisons between two (or more) polynucleotides are typically 
performed by comparing sequences of the two polynucleotides over 
■35 a "comparison window" to identify and compare local regions of 
sequence similarity. 

2£ ■ 
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.A "comparison window", as used herein, refers to a 
conceptual segment of at least 20 contiguous nucleotide positions 
wherein a polynucleotide sequence may be compared to a reference 
sequence of at least 20 contiguous nucleotides and wherein the 
5 portion of the polynucleotide sequence in the comparison window 
may comprise additions or deletions (i.e., gaps) of 20 percent 
or less as compared to the reference sequence (which does" not 
comprise additions or deletions) for optimal alignment of the two 
sequences. Optimal alignment of sequences for aligning a 
10 comparison window may be conducted by the-T-J.ocal homology 
algorithm of Smith and Waterman (1981) Adv. AdpI. Math. 2: 482, 
by the homology alignment algorithm of Needleman and Wunsch 
(1970) J. Mol. Biol. 48: 443, by the search for similarity method 
of Pearson and Lipman (1988) Prcc. Natl. Acad. Sci . fU.S.A.) S5 : 
15 2444, by computerized irnple.Tienta tions of these algorithms (GAP, 
BESTFIT, FA5TA, and TFASTA in zhe Wisconsin Genetics Software 
Package Release 7.C, Generics Cz-puter Group; 575 Science Dr.,'\ 
Madison, WI), or by inspection, and the best alignment (i.e., ' 
resulting in the highest: percentage of homology ever the-"- 
20 comparison window) generated by the various methods is selected. 

The ter- "sequence identity" means that two 
polynucleotide sequences are identical (i.e. , on a nucleot ide-bv- 
nucleotide basis) over the vindov of comparison. The term 
"percentage of sequence identity" is calculated by comparing two -4. 
25 optimally .aligned sequences over the window of comparison, 
determining the number of positions at which the identical 
nucleic acid base (e.g., A, T, C, G, U, or I) occurs in both 
sequences to yield. the number of matched positions, dividing the 
number of matched positions by the total num.ber of positions in 
30 the window of comparison (i.e. , the window size) , and multiplying 
the result by 100 to yield the percentage of sequence identity. 
The terms "substantial • identity" as used herein denotes a 
characteristic of a polynucleotide sequence, wherein the 
polynucleotide comprises a sequence that has at least 80 percent 
35 sequence identity, preferably at least 85 percent identity and 
often 90 to 95 percent sequence identity, more usually at least 
99^ oercent sequence identity as compared to a reference sequence 

27. • ' 
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over a. comparison window of at least 20. nucleotide positions, 
frequently over a window of at least 25-50 " nucleotides , wherein 
the percentage of sequence identity is calculated by comparing 
the reference sequence to the, polynucleotide sequence which may 
5 include deletions or additions which total 20 percent or less of 
the reference sequence over the window of comparison. 

Conservative amino acid substitutions refer to' the 
interchangeability ,of residues having similar, side chains. For,: 
example, a group of amino acids having . aliphatic side, chains, is 

10 glycine, alanine, valine, leucine, and isoleucine;' a group, of . 
amino acids' having aiiphatic-hydroxyl side ch»ina .is, serine ^and 
threonine; a group of amino acids having amide-containing side 
chains is asparagine and glutamine; a group of amino acids having 
aromatic side .chains is phenylalanine, tyrosine, and tryptophan; 

15 a group , of amino acids having basic side 'chains is ' lysine , . 
arginine, and -histidine; and a grcup of ar.ino ' ■acids/ having 
'sulfur-containing side chains, is. cysteine and methionine.^. 
Preferred conservative ' a'nmo acids , substitution groups are: 

" ' valine-ieucine-isoleucine , phenylalanine-tyrosine', ■^Iyslne- 

20 arginine, alanine- valine , and asparagme-glutanine . 

^.The terTTi. " ho"clogous " . cr " hcr.eoldgcus " - means that one 
■single-stranded nucleic' acid 'sequence may hybridize" to a 
■• co-plementary single-stranded nucleic acid sequence. _The degree 
of hybridization' maV depend on a .nu-ber of factors including the 

25 a-ount of' identity, between' the sequences ■ and the hybridization 
conditions such ' as . temperature 'and • salt concentration- as 
discussed later. Preferably the region of identity is greater ^ 
than about 5 bp,' "iOre preferably the region of identity is, 
greater than iO' >bp'-. , " , ; ... ^ ' • 

30 . The term "heterologous" means that one single-stranded 

.nucleic acid ' sequence is, unable , to hybridize to another single- 
stranded nucleic acid sequence or its complement,. Thus areas of 
heterology means that nucleic acid fragments or * polynucleotides 
have areas or regions in the sequence which are unable to 

35. hybridize to another nucleic acid or polynucleotide. Such 
regions or areas-are, for example areas of mutations. 

2E ■ 
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The term "cognate" as used herein refers to a gene 
sequence that is evolutionarily and- functionally related between 
species.' For example but not limitation, in the human genome, 
the human ' CD4 gene is the cognate gene to the mouse CD4 gene, 
5 since the sequences and structures of these two genes indicate 
that they are highly homologous and both genes encode a protein 
which functions in signaling T cell activation through MHC class 
Il-restricted antigen recognition. 

The term "wild-type" means that the nucleic acid fragment 
10 does not comprise any mutations. A. "wild-typei* protein means 
that the protein will be active at a level of activity found in 
nature and typically will comprise the amino acid sequence found 
in nature. In an aspect, the term "wild type" or "parental 
sequence" can indicate a starting or reference sequence prior to 
15 . a manipulation of the invention. 

The tern "related polynucleotides" means, that regions or 
areas of the polynucleotides are identical, and regions or areas'" 
of the polynucleotides are heterologous. 

The term "chimeric polynucleotide" n^eans that the 
20 polynucleotide comprises regions w:\izh are wild-type and regions^ 
which are mutated. ■ It may also mean that the polynucleotide 
com.prises wild-tvpe regions from one polynucleotide and wild-type 
regions from another related polynucleotide. 

The term "cleavino" means digesting the polynucleotide with' 
25 enzvT^.es or breaking the polynucleotide, or generating partial 
length copies of a parent sequence(s) via partial FCR extension, 
PGR stuttering, differential fragm.ent amplification, or other 
means' of producing partial length copies of one or more parental 
sequences. 

30 The term "population" as used herein m^eans a collection of 

components such as polynucleotides, nucleic acid fragments or 
proteins. A "mixed population" means a collection of components 
which belong to the same family of nucleic acids or proteins 
(i.e. are. related) but which differ in their sequence (i.e. are 

35 not identical) and hence in their biological activity. 

The term "specific nucleic acid fragment" means a nucleic 
acid fragment having certain end points and having a certain 
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nucleic acid sequence. Two nucleic acid fragments wherein one 
'nucleic acid fragroent has the identical sequence as a portion of 
the second nucleic acid fragment but different ends comprise two 
different specific .nucleic acid fragments. 
5 rphe term **mutations" means changes in the sequence of, a 

wild-type nucleic acid sequence or changes .in the sequence of a 
peptide. Such mutations may .be point .mutations such as 
transitions or transversions . . The mutations . may be deletions , 
insertions or duplications. , ■ . . 

10 In -the polypeptide notation .used herein, the lefthand 

.direction" is ' the amino terminal ' direction and the righthand 
direction is - the , carboxy-terminal direction, in accordance with 
-standard usage . and convent ion . Similarly, unless specified 
otherwise, the lefthand end of single-s cranded polynucleotide 
15 sequences IS: the 5' end; the lefthand direction of double- . 
' stranded polynucleotide sequer.c-e5. is referred to as ' the 5' 
direction'. ■ Th.e d.irecrion of 5''-0.3' addition of nascent RNA 
-transcripts is* referred to as the transcription direction; 
' seauence regions on the DN'A strand ■ having the "sane sequence as 
20 ■ the RiiA and which' are,5'' 'to the 5' end 'of the RKA transcript, are 
■ ' 'referred to as "ups trearr sequences " ; sequence regions on the^ DNA ' 
..strand having' the sarr.e sequence -s .the RN.A and which are 3' to 
the 3' end of- the coding ?:.VA transcript are^ referred to as" 
■ ,' , "downstream sequences". ■ , * . 

25 , ■ . The 'ter." "naturally-occurring" as used herein' as 

. ' aopli-ed to an; obiecf refers to the fact that ^an object can be 
found in'nature. For exanple, a polypeptide or polynucleotide 
seauence that is present in an organism (including viruses) that 
can be isolated fron a source in nature and which has not>been 
30. intentionally modified by man in. the laboratory is naturally- 
occurring. Generally, the terir= naturally-occurring refers to an 
object as present in a non-pathological ' (undiseased) individual, 
. such as would be typical for the species.- 

The term "agent" is used herein to denote a chemical 
35 compound, a mixture of chemical compounds, an, array of spatially 
localized compounds (e.g. , a VLSIPS peptide array,, polynucleotide 
array, and/or combinatorial small molecule array) , a biological 
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macromolecule, a bacteriophage peptide display library, a 
bacteriophage antibody , (e . g. , scFv) display library, a polysome •• 
peptide display library, or an extract- .made from biological 
materials such . as.' bacteria, " plants, fungi, or animal 
(particularly mammalian) cells or tissues . Agents are evaluated 
for potential activity as antineoplastics, anti-inf lammatories, 
or apoptosis modulators by inclusion in screening- assays 
described hereinbelow. Agents, are evaluated for potential' 
activity as specific protein interaction inhibitors (i.e., an 
agent which selectively inhibits a binding irLteraction between 
/two predetermined polypeptides but which does not substantially 
interfere with cell viability) by inclusion in screening assays 
described hereinbelow. . ' , 

As used herein, "substantially pure*' -means an object 
15 species is the predor>inant species present (i.e., on a molar 
basis 'it. is more abundant than' any ocher ■ individual 
macromolecular species in the coriposition) , and preferably ay. 
substantially purified fraction is a cor.position wherein the,, 
object species comprises at least about 50 percent (on a molar-^ 
20 basis) of all macro"o lecular species present. Generally, av, 
substantially pure con-pcsi t i.on vil 1 comprise more than about SO 
to 90 percent of, all -acromoiecu iar. ■ species present; in the> 
composition/ Most preferably, the object species is purified to;- 
•essential homogeneity ( contaminant . species cannot be detected in. 
25 the* composition by conventional .detection methods) wherein the 
conposition consists essentially of a single macromolecular, 
species. Solvent species,, small molecules (<500 Daltons) / and 
elemental ion- species . are not considered macromolecular species. 

'As used herein the terr. "physiological conditions*^ 
refers to temperature, pH, ionic strength, viscosity, and like 
biochemical parameters which are compatible with a viable 
organism, and/or which typically exist intracellular ly in a 
viable ,cultured yeast cell or .mammalian cell. For example, the . 
intracellular .conditions in a yeast cell grown under typical 
35 laboratory culture conditions are physiological, conditions. 
Suitable in vitro reaction conditions f or in . vitro transcription 
cocktails are generally physiological conditions. In general, 
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in vitro physiological conditions comprise 50-200 mM NaCl or KCl, 
pH 6.5-8.5, 20-45''C and O.OOl-lO mM divalent cat.ion (e.g., Mg"^*^, 
Ca"""^); preferably' about 150 mM NaCl or KCl, pH 7.2-7.6, 5 mM 
divalent cation, and often include 0,01-1.0 percent nonspecific 
5 protein (e.g., BSA) . A non-ionic detergent (Tween, NP-40, Triton 
X-100) can often be present, usually at about 0.001 to 2%, 
typically 0.05-0.2% (v/v) . Particular aqueous conditions' may be 
selected by the practitioner according to conventional methods. 
For general guidance, the following buffered aqueous conditions 

10. may be applicable: 10-250 mM NaCl, 5-50 mM Tri^rHCl, pH 5-8, with 
optional addition of divalent cation(s) and/or metal chelators 
and/or nonionic detergents and/or membrane fractions and/or. 
antifoam agents and/or scintillants. 

Specific hybridization is defined herein as the 

15 formation of hybrids between a first polynucleotide and, a second 
polynucleotide (e.g., a polynucleotide having a distinct but 
substantially' identical sequence to the first polynucleotide), 
wherein the first polynucleotide preferentially hybridizes to- the 
second polynucleotide under .stringent hybridization conditions 

20 .wherein, substantially unrelated polynucleotide sequences do -not 
form hybrids in the niixture. 

As used herein, the tern "single-chain antibody" refers 
to a polypeptide cor.prising a V,; dorr.ain and a' dona in in 
polypeptide linkage, generally linked via a spacer peptide (e.g., 

25 [Gly-Gly-Gly-Gly-Ser j^^) , and which nay comprise additional amino 
' acid 'sequences at the anino- and/or carboxy- termini. For 
exarr.pie, a single-chain antibody r^ay comprise a tether segrr.ent 
for linking to the encoding polynucleotide. As an example, a 
scFv is a single-chain antibody. ' Single-chain antibodies are 

30 generally^ proteins consisting of one or more polypeptide segments, 
of at least 10 contiguous a'mino acids substantially encoded by 
genes of the immunoglobulin* superfamily (e.g., see The 
Immunoglobulin Gene Superfamilv , A.F. V?illiams and A.N. Barclay, 
in Immunoglobulin Genes . T. Honjo, F.W. Alt, and T.H. Rabbitts, 

35 eds.^, (1989) Academic Press: San Diego, CA, pp. 361-387, which is 
. incorporated herein by reference) , most frequently encoded by a 
rodent, non-human primate, avian, porcine, bovine, ovine, goat. 
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or human heavy chain or light chain gene sequence. A functional 
single-chain antibody generally contains a sufficient portion of 
an immunoglobulin superfamily gene product so as to, retain the 
property of binding to a specific target molecule, typically a 
5 receptor or antigen (epitope) . 

As used herein, the term "complementarity-determining 
region" and "CDR" refer to the art-recognized term as exemplified 
by, the Kabat and Chothia CDR definitions also generally known as 
hypervariable regions or hypervariable loops (Chothia and Lesk 
10 (1987) J. Mol. Biol. 196 : 901; Chothia et al . -(--1-089 ) Nature 34 2 : 
877; E.A. Kabat et al., Sequences of Proteins of Immunological 
Interest (National Institutes of Health, Bethesda, MD) (1987); 
and Tramontano et al. (1990) J. Mol. Biol. 215 : 175). Variable 
region domains typically comprise the amino-terminal 
15 approximately 105-115 amino acids of a narura lly-occurr ing 
immunoglobulin chain (e.g. , ar.ino acids 1-110) , although variable 
domains somewhat shorter or longer are also suitable for forming 
single-chain antibodies. ^ 
An immunoglobulin licht or heav^' chain variable region^; 
20 consists of a "framework" region interrupted by three- 
hypervariable regions, also called CDR's. The extent of the ^ 
framework region and CDR's have been precisely defined ( see , - 
"Sequences of Proteins of I—unological Interest," E. Kabat et , 
al . , 4th Ed., U.S. Departrr.ent of Health and Hunian Services, v 
25 Bethesda, MD (19S7));. The sequences of the framework regions of 
• different light or heav-/ chains are relatively conserved within 
a species. As used herein, a "human framework region" is a 
.framework region that is substantially identical ' (about 85% or 
, more, usually 90-951 'or more) to the framework region of . a 
30 naturally occurring human irjTiUnoglobul in . The framework region 
of an 'antibody, that is the combined framework regions of the 
constituent, light. and heavy chains, serves to position and ali'gn. 
the CDR's. The CDR ' s are prirr.arily responsible for binding to 
an epitope of an antigen.. 
35 As used herein, the .term • "variable segment" refers to 

a- portion of a nascent peptide which, comprises a random, 
pseudorandom, or defined kernal sequence. A variable segment can 
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comprise both variant and invariant residue positions, and the 
degree of residue variation at a variant residue position may be 
limited; both options are selected at . the ' discretion of the ■ 
practitioner. Typically, variable segments are about 5 to 20 
5' amino acid residues in length {-e.g., 8- to 10), although variable 
'segments may be longer and may comprise • antibody portions or 
receptor proteins, such as an antibody fragment, a nucleic acid 
binding protein, a receptor protein, - and the like. 

As used herein, "random peptide sequence"- refers to an 
10 'amino acid sequence composed of two .or more am'ino acid monomers 
and constructed by a. stochastic or random process. A random 
peptide can' include framework or scaffolding motifs, which may 
comprise invariant sequences. 

As used herein ■ "randoni peptide library" refers to 'a set 
15 of polynucleotide sequences that encodes a set of randor! 
. peptides, and ■ to the set of random peptides encoded by those 
polynucleotide sequences, .'as veil as the fusion proteins 
containing those random peptides^. ■ ' 

As used herein, the term "pseudorandom" refers to a set 
2^0- 'of sequences that have limited variability, so that for example 
/' the degree of residue variability at, one position is different 
than the degree of residue, variability at another position, but 
any pseudorandor. - position is .allowed -some .degree of residue ' 
variation, however c ir cumscr ibed . 
25 As used herein, the term "defined sequence framework" 

refers to a set of defined sequences that are selected on'' a 
' nonrandom basis, generally on the basis of experimental-data or 
structural .data ; for example, a defined sequence framework may 
comprise 'a set of amino acid sequences that are predicted to form 
'30 a /3-sheet ' structure or may comprise a leucine zipper^ heptad 
repeat motif, a zinc-finger domain, among other variations. A- 
"defined sequence kernal" is a set' of sequences which encompass 
a limited scope of variability. Whereas (1) a completely random 
10-mer sequence of the 20 conventional amino acids can be any of 
35 (20). -'■^^ sequences, and (2) a pseudorandom 10-mer sequence of the 
20 conventional amino acids can be any of (20)^° sequences but 
will exhibit a bias for certain residues at certain positions 
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some genetic circumstances, allows cells expressing the marker 
to survive while other cells die (or vice versa) . Screening 
markers include luciferase^ /3-galactosidase, and green 
fluorescent protein. Selection markers include drug and toxin 
5 resistance genes. Although spontaneous selection can and does 
occur in the course of natural evolution, in the present methods 
selection is performed by man. 
Methodology ^ 

Nucleic acid shuffling is a method for recursive in 
10 vitro or in vivo homologous recombination ot -p^ols of -nucleic 
acid fragments or polynucleotides. Mixtures .of ' related nucleic 
acid sequences or polynucleotides are randomly or pseudorandomly^ 
fragmented, and reassembled to' yield a library or mixed 
population of recombinant nucleic acid molecules or 
15 polynucleotides. 

In contrast to cassette r/uta genes is / only shuffling and 
error-prone PGR (or use of other rr.uta tion-enhancemenr methods; 
chemical mutagenesis, mutator strains, etc.) allow one to mutate 
a pool of sequences blindly (withou:: sequence information other 
20 than primers). 

The advantage of tn.e mutagenic shuffling of this invention 
over error-prone PGR alone for repeated s-alection can best be 
explained -with an exar.ple fro.T. antibody engineering. In Figure 
1 is shown a schematic diagram of DNA shuffling as described 
,25 herein. The initial library can consist of related sequences of 
diverse origin (i.e. antibodies iron, naive mRNA) or can be 
derived by any type of mutagenesis (including shuffling) of a 
single antibody gene. A collection of selected complementarity - 
' determining regions ("GDRs"). is obtained after the first round 
30 of affinity selection (Fig.l). In the diagram the thick CDRs 
confer onto the antibody molecule increased affinity for the 
antigen. Shuffling allows the free combinatorial association of 
all of the CDRls with all of the GDR2s with all of the CDR3s, 
etc. (Fig. 1) . 

35 This method differs from PGR, in that it is an inverse chain 

reaction. In PGR, the number of molecules grows exponentially . 
In shuffling, however, the number of the polymerase start sites 
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and the number of molecules remains, essentially the same. Wh . - 
dilution is used to allow further lengthening of the molecule.-, 
the shuffling ■ process becomes an ' inverse, chain reaction- 
generating fewer molecules. 
■ 5 Since cross-overs occur at ■ regions of . homology, 

recombination will primarily occur between members of the same 
sequence family. This discourages combinations of CDRs that are 
grossly incompatible (eg. directed against different epitopes of 
'■ the :sarae antigen) . It is contemplated that multiple families of 
10 sequences can be shuffled in the same reaction'. Further, 
shuffling conserves the relative' order, such that; for example, 
' CDRl will not be found in the position of CDR2 . 

Rare shufflants will contain a large number of t^he best (eg. 
highest affinity) CDRs and these, rare shufflants may be selected 
15 based on their superior affinity (Fig. 1). 

CDRs fron^. 'a pool of IOC different , selected antibody 
sequences can be permutated in up zo 100^ different ways. This 
large number of permutations ' cannot • be represented in a, single 
library of DN'A sequences. Accordingly, it is contemplated that 
20 multiple cycles of DNA sr.--:flinc and selection- may be required 
depending on the length of • tne sequence and the sequence 
diversity desired. - , / 

Error-prone PCR, "in contrast, .keeps all the selected CDRs 
' ■ in the same relative sequence (Fig. 1), generating a much smaller ' 
2.5 mutant cloud,^ ■ , ' ■ 

The template polynucleotide which m.ay be; used in the methods 
of this invention may be DKA or PJiA. It nay be of various 
^lengths depending on the size .of 'the gene or, DNA fragment to be. 
■ recom:bined or reassembled. Preferably the template 

30 polynucleotide is from. 50 bp to 50 kb. It is contemplated that 
entire vectors, containing the nucleic acid encoding the protein 
of interest can be used in the nethods of this invention, and in ^ 
fact have been successfully used. 

The template polynucleotide m.ay be obtained by amplification 
35 using the PCR reaction (U.S. Patent No, 4,683,202 and 4,683,195) 
or other amplification or cloning methods. However, the removal 
of free primers from the PCR product before fragmentation 

3a- • 
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and/or . overall , (3) a def ined sequence kernal is a subset of 
sequences which is less that the maximum number of potential 
sequences if each residue position was allowed to be any of the 
allowable 20 conventional amino acids (and/or allowable 
5 unconventional amino/imino acids). A defined sequence kernal 
generally comprises variant and invariant residue positions 
and/or comprises variant residue positions which can comprise a 
residue selected from a defined subset of amino acid residues) , 
and the like, either segmentally or over the entire length of the 

10 individual selected library member sequence. Defined sequence 

kernals can refer to either amino acid sequences or 
polynucleotide sequences.. For illustration and not limitation, 
the sequences (NNK)^o (^^)io/ ^^^^^ ^ represents A, T, G, or 

C; represents G. or T; and M represents A or C, are defined 
15 sequence kernals. ■ ' 

As used herein "epitope" refers to that portion of an 
antigen or other nacror^olecuie capable of forming a binding, 
interaction that interacts with zhe variable region binding 
pocket of an antibody. Typically, such binding interaction is 
20 manifested as an internolecular ccntact with one or more amino 
acid residues of a CDR. 

As used herein, "receptor" refers to a molecule that 
has an affinity for a given ligand. Receptors can be naturally 
occurring or synthetic molecules.' Receptors can be employed in 
25 an unaltered state or as aggregates with other, species. 
Receptors can be attached, covalently or noncovalent ly , to a 
.binding member, 'either directly or via a' specific binding 
substance. Examples of receptors include; but are not limited 
to, antibodies/ including monoclonal antibodies and,' antisera 
30 reactive with specific antigenic determ.inants (such as on 
viruses, cells, or other materials), cell membrane receptors/ 
complex carbohydrates and glycoproteins, enzymes, and hormone 
receptors. ■ 

As used herein "ligand" refers to a molecule, such as 
35 a random peptide or variable segment sequence, that is recognized 
by a particular receptor. As -one of skill in the art will 
recognize, a molecule (or macrom.olecular complex) can be both a 
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receptor and a ligand. In general, the binding partner having' 
a smaller molecular weight is referred to as the ligand and the 
binding partner having a greater molecular weight is referred to 
as a receptor . 

5 As used herein, "linker" or "spacer" refers to a 

molecule or group of molecules that connects two molecules, such 
as a' DNA binding protein and a random peptide, and serves to • 
place the two molecules in a preferred configuration, e.g., so 
that the random peptide can bind to a receptor with minimal 
10 steric hindrance from the DNA binding protein. 

7 ■ ' As used herein, the . term "operably linked"' refers to 
a linkage of polynucleotide elements in a functional 
relationship. A nucleic acid is "operably linked" when it is 
placed into a functional relationship with another nucleic acid 
15 sequence. For instance, a pror.crer or enhancer is operably 
"linked tO: a coding sequence if it affects the transcription of 
^ the coding sequence. Operably linked means that the- DNA 
■sequences being linked are typically contiguous and, where 
necessary to join two protein coding regions, contiguous and' in 
20 - reading -frame. ' . , 

The tern "recursive sequence ' recombination" as used 
■ herein refers' to a method 'whereby a population of polynucleotide, 
sequences " are;' recombined with each other by any suitable ■> 
recombination means (e.g., sexual PGR, homologous recombination, 
25 'site-specific recombination, etc.) to generate, a .library of 
sequence-recombin'ed' species, which is then screened or -subjected 
to selection to obtain those sequence-recombined species having • 
■ , a desired property; the selected species are then subjected to 
at least one additional • cycle of recombination with themselves 
30 and/or with other polynucleotide species and at .subsequent' 
selection or screening for the desired, property . 

Screening is, in general, a two-step process in which 
one first determines which cells do and do not .express a 
screening marker and then physically separates the cells having. 
35 the desired property. Selection is a form of screening in which 
identification and physical separation are achieved 
simultaneously by expression of a selection marker which , in 

3€ ■ 
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provides a more efficient result. Failure to adequately remove 
the primers can lead to a low frequency of crossover clones. 

The template polynucleotide often should be double-stranded. 
A double-stranded nucleic acid molecule is required, to ensure 
5 that regions of the resulting single-stranded nucleic acid 
fragments are complementary to each other and thus can hybridize 
to form a double-stranded molecule. 

It is contemplated that single-stranded or double-stranded 
nucleic acid fragments having regions of identity to the template 
10 polynucleotide , , and regions of heterology to the template 
polynucleotid'e may be added to the template polynucleotide at 
this step. It is also contemplated that two different but related 
polynucleotide templates can be mixed at this step. 

The double-stranded polynucleotide template and any added 
15 double-or single-stranded fragTr.ents are randomly digested into 
fragments of from about 5 bp zo 5 kb or more. Preferably the 
size of the random fragments is frc~ about 10 bp to 1000 bp, more., 
preferably the size of the DNA fragrr.ents is fron about 20 bp to 
500 bp. ^ . . 

20. Alternatively, it i? _?.lso conte-plated that double-stranded 

nucleic acid having multiple nicks nay be used in the methods of ■ 
this invention. A nick is a break in one strand of the double- 
stranded nucleic acid. The distance between such nicks, is 
preferably 5 bp to 5 kb, more preferably between 10 bp to 1000 
2 5 .bp. 

The nucleic acid fragr*er.t may be digested by a number of . 
different methods. The nucleic acid fragment may be digested 
with a nuclease, such as DN'Asel or PJIAse. The nucleic acid may 
be randomly sheared by the method of sonication or, by passage 
30 through a tube having a small orifice. 

It is also contemplated that the nucleic acid may also be 
partially digested with one or more restriction enzymes, such 
that certain points of cross-over may be retained statistically. 
•The concentration of any one specific nucleic acid fragment 
35 will not be greater than 1% by weight of the total nucleic acid, 
more preferably the concentration of any one specific nucleic 
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* acid sequence will not be greater than 0.1% by weight of the 
total nucleic acid. ' ■ • 

' ■ The number of different specific nucleic acid fragments in 
' the mixture will be at least about 100, preferably at least about 
5 500, and more preferably at least about 1000. ' 

At this step single-stranded or double-stranded nucleic acid* 
fragments, either synthetic or natural,, may be added to the 
random double-stranded nucleic acid fragments in order to 
■increase the heterogeneity of the mixture of nucleic acid 

10 fragments. ; . ; ' - .- 

^ It is also contemplated that .populations' of double-stranded^ 
randomly broken or nicked nucleic acid fragments may be mixed or 
combined: at this step.' Damaged DNA can be. exploited to enhance 
recombination ■ via the nicked portions which can participate in 
15 strand invasion, formation of recorribinat ion j.unctions., serve as 
■ free 3' 'ends for hybrid fcrniaticri- and\-the like. 

' Where insertion o: notations.. into the ■■ • terr.plate 
polvnucleotide is, desired, sin:: le'-stranded 'or double-stranded 
' nucleic' acid fragments having a region of identity to the 
'20 template polynucleotide, and a region, of 'heterology to ,the 
template polynucleotide bay b'2 added in a 20 fold excess, by,' 
weight as compared to the total n-oleic acid, nore preferably the 
single-stranded nucleic acid fragr.ents may be added in a 10 fold^ 
excess bv weight as- compared to the. total nucleic acid. ; 
25 Where '^a mixture of different-', but related/ ter.piate 

' • polvnucleot ices is des ir ed , ■ popu 1 at ions of nucleic, acid'fragnents 
fro" each of the te-olates ' may be^- combined at a ratio o-f . lesS' ^ 
than about 1:100,' more preferably the. ratio is' less than about, 
1:'40. For example, a backcross of :the wild-type polynucleotide 
3.0-' with, a; population of mutated' polynucleotide may;-:^be desired to ' 
eliminate neutral mutations (e.g.,; mutations 'yielding an. 
■.'■■'insubstantial' alteration in the phenotypic property ' being 
selected for) . In _ such an example, the ratio of ■ randomly 
digested wild-type polynucleotide fragments which may be added 
35 to . the randomly digested r.utant polynucleotide fragments is 
approximately 1:1 to about 100:1, and more preferably from 1:1 
to 40:1. 
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The mixed'population of random length nucleic acid fragments 
are, denatured to form single-stranded nucleic - aci'd fragments and 
then reannealed. Only those single-stranded nucleic acid 
fragments having regions of homology with other single-stranded 
'5 nucleic acid -fragments will reannisal, 

- , The random . length nucleic acid fragments may , be denatured 
• ' by heating. , One skilled in the art could , determine the 
conditions necessary. to completely' denature the. double stranded - 
nucleic acid. Preferably the temperature is from'80 ^C- to 100 *>c, 
10 more preferably the temperature is from 90 .5'C.to 96 ^ *»C. Other 
: - methods which may be used to denature the nucleic acid fragments., 
include pressure (36) and :pH. . 

The nucleic acid fragments .. may be reannealed by cooling. 
Preferably the temperature is from 20 to .,75, °C, more 

15 preferably the temperature is fron- 40 to 65 °C. If a high 
frequency of crossovers is^ needed based ^on an .average of only 4 
consecutive bases . of homology, recor.binat ion can be forced b;^;> 
using a low "annealing ten^.pera tiire , although the process becomesi 
'more' difficult. The 'degree 'of renaruration which occurs will^: 
'20 '"depend on - the degree - of' hor:ology between' the population o5" • 
single-stranded nucleic acid f ragrr/ents . 

■ Renaturation can ; be accelerated , by the addition ■ 'of, 
polyethylene glycol •( "PEG"-) or- salt. The salt concentration is- 
preferably from 0 ttl^M to about 400 -rrJ-l,. more preferably the salt 
25 ' concentration ' is fron 10 TlM to 100 rJ-'. ' The salt may be.KCl.or, 
NaCl.' : The concentration of PEG . is- preferably from 0.% to 20%, 
more preferably from 5%' to 10%, Higher concentrations of -salt 
and/or PEG can be used, if desired. 

Tne annealed nucleic acid fragments ■ are next incubated in 
30 the presence, of a nucleic acid, polymerase' and dNTP'.s (i.e. dATP , 
dCTP, dGTp'.and' dTTP')- . The hue leic acid - polymer ase may be the- 
' Klenow fragment, the Taq. pol\'7r.erase or any other DNA po'lymerase' 
; knownv;in the art'. ^ ' ■ '. 

' : The approach - to be used for , the assembly .depends on the 
35 minimum degree of homology that should still, yield crossovers. 
If the are^s of identity are large.,. Tag: polymerase can .be used/ 
with an annealing temperature of between ^S-SS^C. ff the areas 
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of identity are small, Klenow polymerase can . be used with an ^ . 

annealing temperature of between ■20-30'*C. One skilled in the art 

could vary the temperature of annealing to increase the number 

of cross-overs achieved. 
5 The polymerase may be added to the random nucleic, acid 

fragments prior to ' annealing; ■ simultaneously with , annealing or, 

after annealing, 

: The cycle of denaturation renaturation and incubation in 

the . presence of polymerase can be -referred . to as shuffling or 
10 reassembly of -the nucleic acid.. This cycle_ i?_ repeated for' a 

desired number of times. Preferably the cycle is repeated from 
.2 to 50 times, 'more preferably the sequence is repeated from 10 

to^O, times. The term - "shuffling" encompasses' a broader range of 

recursive recombination processes which can include, butVare not 
15 obligated to, PGR amplification or similar' ampl if ication methods; 

thus,' shuffling c,an involve homoiogous. recombination,; site- . 

specif ic recombination , chimera. formation (e.g., Levichkin et,al. 

oo . cit ) , and the like, so long as used recursively (i.e., for 

more than one cycle of sequence recombination) with selection 
20" and'/ or screening. Non-deterministic recon^/oinat ion , such as ■ - 

general homologous recombination can be used, in combination with 

or in place of deterministic recombination, such as site-specific 

recombination where the sites of. recombination are' known and/or 

defined . 

25'. The resulting nucleic acid '.is a larger .double-stranded 

■ polynucleotide, of ' from • about ■ 50 'bp to. about 100 kb, preferably- 
the larger polynucleotide is from 500 bp to 50 kb. 

This larger polynucleotide . fragment may contain a number of ■ 
. copies of a nucleic acid fragment having the same' size as the. 
30. template polynucleotide ' in tandem. . This • concatemeric fragment 
is then digested ' into ' single copies of , the template 
polynucleotide. The result will be a population of nucleic acid 
fragments of appr oxir>ately the same size as the template 
polynucleotide. The population will be a mixed population where 
35 single or double-stranded nucleic acid fragments having an area 
of identity and an area of heterology have been added to the 
template polynucleotide prior to shuffling. Alternatively, the 
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concatemer can be introduced (e.g., via electroporation . 
lipofection/ or the like) directly without mbnomerization. For 
large sequences, it can be desirable to subdivide the large 
sequence into several subportions which are separately shuffled 
5 with other substantially similar portions, and the pool of 
resultant shuffled subportions are then ligated, typically in 
original order, to generate a pool ' of ' shuffled large sequences 
which can then be used for transformation of a host cell, or the 
like. 

10 ■• ■ These fragment are then cloned into the.:^pgropriate vector 
and the ligation' mixture used totransform bacteria. 

It is contemplated that the single nucleic acid fragments 
may ' be obtained from the ■ larger coricatemeric nucleic acid 
fragment by amplification of the single nucleic acid fragments 

15 prior to cloning by a variety of methods including PGR. (U.S. 
Patent No. 4,633,195 and 4,633,202) rather than by digestion of 
the concatemer. Alternatively, the concatemer can be introduced 
(e.g., via electroporation. lipofection, or the like) directly 
without monomer ization . , 

20 The vector used for clcninc is not critical provided that 

it will accept a DNA fragment of the desired size. If expression 
of the DNA fragment is desired, the cloning vehicle should 
further comprise transcription and translation signals next to 
the site of insertion of the DN'.-. fragment to allow expression of 

25 the DNA fragment in the host ceil. Preferred vectors include the 
pUC series and' the p3?s series of' plasmids. 

The resulting bacterial population will include a number of 
recombinant DNA f ragr.ents having random riutations. This m.ixed 
population may be tested to identify the desired recombinant 

30 nucleic acid fragment. The m.ethod of selection will depend on 
the DNA fragment ^ desired . 

For example, if a DN.A fragment which encodes for a protein 
with increased binding efficiency to a ligand is desired, the 
proteins expressed by each of the DNA fragTnents in the population 

35 or Xihrary may be tested for their ability to bind to the ligand 
by methods known in the art (i.e. panning, affinity 
chromatography). If a DNA fragment which encodes for a*. protein 
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with increased drug resistance is desired, the proteins expressed 
by each of the DNA fragments in the population or library, may be 
tested for their ability to confer drug resistance to the host 
organism. One skilled in the art,. given knowledge of the desired 
5 protein, could readily , test the population to identify DNA 
fragments which confer the desired properties onto the protein. 

It is contemplated that one skilled in the art could use a 
phage display system in which fragments of the* protein are 
expressed as. fusion proteins on the phage surface (Pharmacia, 
IG Milwaukee WI) . The recombinant DMA molecules .are_cloned into the 
phage DNA at a, site which results in the transcription of a-' 
fusion protein, a portion of which is encoded by the recombinant 
DNA molecule. The phage containing the recombinant nucleic acid 
molecule undergoes replication and. transcription in' the cell. 
15 The leader sequence of the fusion prorein directs the transport 
of' the fusion protein' to the tip of the phage particle." Thus the 
fusion protein which is partially encoded by the recombinant DN'A 
r.olecule is disciayed on the phage particle for , detect ion and 
selection' by the methods described above, - ^ 

20 It is further- contemplated that a number of cycles of 

nucleic, acid shuffling may be ccnducted with nucleic acid 
fragments from' a subpopuia t ion* of the first population, 'which 
subpopulation -contains DNA encoding the desired recombinant 
protein. In this manner, proteins with even higher binding 
25 affinities .or enz\™atic activity could be achieved. 

If is also contemplated that a number of cycles of. nucleic 
acid' shuffling may be conducted with a mixture of ■wild-type 
nucleic acid, fragm.ents. and a subpopulation of nucleic acid from 
the first or subsequent rounds of nucleic acid shuffling in order 
O.O to remove any silent mutations from the subpopulation. 

Any source of nucleic acid, in purified form, can be utilized 
. as the .starting nucleic acid. Thus the process - may employ_ DNA 
or RNA including messenger PJ^'A, which DNA or RiNA may be single 
or double stranded. In addition, a DNA-RNA hybrid which .contains 
35 one strand of each may be utilized. The nucleic acid sequence 
may be of various lengths depending on the size of the nucleic 
acid sequence to be mutated. Preferably the specific nucleic 
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acid sequence is from 50 to 50000 base pairs. It is contemplated 
• that entire vectors containing the nucleic acid ■ encoding the 
protein of interest may be used in the methods of ' this invention. 

The nucleic acid may be ' obtained from any source, for. 
example, from plasmids such a p3R322, from cloned DNA or RNA or 
from natural DNA or RNA from,. any source including bacteria, 
yeast, viruses and higher organisms such as plants or animals. 
DNA or RNA may be extracted from blood or tissue material. The 
template polynucleotide may be obtained by amplification using 
the polynucleotide chain reaction (PGR) (U.S. Patent no. 
4,683,202 and 4,683,195). Alternatively, the polynucleotide'may 
be present in a vector present in a cell and sufficient nucleic 
acid may be, obtained by culturing the cell and extracting the 
nucleic acid from the ceil by methods known in the. art. 

Any ^specific nucleic acid sequence can be used to produce- 
the population of r^utants by the present process. It is only., 
necessary that a sr;all popuia*ion of mutant sequences of the 
specific nucleic acid sequence exis" or be created prior to the 
present process. , ' 

The initial sn^all population' of the specific nucleic 'acid 
sequences having nuraticns -ay be created by a number of, 
different methods. Mutations may be created by error-prone PGR. 
Error-prone PGR uses lov-fidelity polymerisation conditions to., 
introduce a low level of point nutations randomly over a long^ 
sequence. Alternatively, nutations can be introduced ' irvco the 
tenplate polynucleotide by ol igonuci eotide-directed mutagenesis . 
In oligonucleotide-directed mutagenesis, a short sequence of the 
polynucleotide is, * removed from the polynucleotide using' 
restriction enzyme digestion and is replaced with a synthetic 
oolynucleot ide in which various bases have been altered from the 
original sequence. The polynucleotide sequence can also be 
altered by chemical mutagenesis. Chemical mutagens include; for 
example, sodium bisulf ite, nitrous acid, hydroxy lamine , hydrazine, 
or formic acid. Other agents which are analogues of nucleotide 
precursors include nitrosoquanidine , 5-bromouracil , . " 2- 
aminopurine, or acridine. Generally, these agents are added to 
.the PGR reaction in place of the nucleotide precursor thereby 
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"mutating the . sequence . Intercalating agents such as proflavine, 
acriflavine, quinacrine and the like can also be used. Random 
mutagenesis 'of the polynucleotide sequence . can ' also be achieved 
by irradiation with X-rays or ultraviolet light. Generally, ' 
' 5 ■ plasmid DNA or DNA fragments so mutagenized . are introduced into 
E..coli and propagated as . a pool or library of mutant plasmids . 

• Alternatively the small mixed population of specif ic nucleic 
acids may be found in nature in that they may consist of 
different alleles of the same gene or the same- gene from 
10 different related species ( i . e cognate genes). Alternatively y. 
they may be related DNA sequences found within one species, for 
example, the imjnunoglobulin genes. 

Once the mixed population of the specific nucleic acid 
sequences is generated, the polynucleotides can be used directly 
IS or, inserted into an appropriate cloning vector, using techniques 
well-known in t.he art." ■ ■. 

The choice of vector depends on the size of'"' the 
: polynuclebt ice .sequence ■ and the host cell to be employed in the 
methods of this invention." The ' templates of this , invention nay 
20 be plasTT.ids, phages, cosr.ids, phagemids, viruses (e.g., 
retroviruses , para inf I'uenzavirus , herpesviruses , reoviruses , 
■ paramyxoviruses, and the like), or selected portions thereof 
(e.g., coat protein, spike glycoprotein,, capsid protein)*. For 
example, cbsmids , phacerads , ^ YACs , ,and BACs are preferred' where 

2 5 the specific nucleic acid sequence to be mutated is larger 

because these vectors are able to stably propagate large nucleic 
acid 'fragm.ents. ' ■ 

If the mixed population' of the specific nucleic acid 
sequence is cloned into a vector it can be clonally amplified by 
•30 inserting each vector into a.host cell and allowing the host cell 
to amplify the vector. This is .referred to as clonal 
amplification because while the absolute number of nucleic, acid 
sequences increases, the nur.ber of mutants does not increase. 

3 5 Parallel PGR 

In parallel PGR a large number of different PGR 
reactions occur in parallel in the same vessel, with the products 
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of one reaction priming the products of another reaction. As the 
PGR products prij:ie each other, the average product size, increases 
with the number of PGR cycles. 

By using multiple primers in parallel, sequences in 
5 excess of 50 kb can , be amplified. Whole genes and whole plasmids 
can be assembled in a single tube from synthetic oligonucleotides 
by parallel PGR. Sequences can be randomly mutagenized at 
various levels by random fragmentation and reassembly' of the 
fragments by mutual priming. Site-specific mutations can be 

10 introduced into long sequences by random fragmentation of the 
template followed by reassembly of the fragments in the presence 
of mutagenic oligonucleotides. A particularly useful application 
of parallel PGR is called sexual PGR. 

In sexual PGR, also called DNA shuffling, parallel PGR 

15 is used t:o perform in vitro recon^.bination on a pool of DN'A 
sequences. A mixture of related but not identical DN'A sequences 
(typically PGR products, restriction fragments or whole plasnids) 
is randomly fragmented, for example by DNAsel treatment. These 
randoni fragments are then reasse-oled by parallel PGR. As the 

20 random frag:?.ents and their ?CR products prime each other, the 
average size of the fragm.ents increases with the number of PGR 
cycles. RecoT.bination , or crossover, occurs by template 
switching, such as when a DN'A fragrr.ent derived from one template 
primes on the homologous position of a related but different 

25 template. For example, sexual PGR can be used to construct 
libraries of chimaeras of genes ■ from different species ('zoo 
libraries'). Sexual PGR is useful for in vitro evolution of DNA 
sequences. The libraries of new mutant combinations that . are 
obtained by sexual PGR are selected for the best recombinant 

30 sequences at the DNA, R.NA, protein or small molecule level.. This 
process of recombination, selection and amplification is repeated 
for as many cycles as necessary to obtain a desired property or 
function. 

Most versions of parallel PGR do not 'use primers. The 
35 DNA .fragments , whether synthetic, obtained by random digestion, 
or by PGR with primers, serve as the tem.plate as well as the 
primers.. Because the concentration of each different end 
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sequence in the reassembly reaction ■ is very low, the formation 
of primer dimer is not observed, and if erroneous- priminc occurs, 
it can only grow at the same rate as the correctly annealec 
product. Parallel PGR requires many cycles of PGR because only 
half of the annealed pairs have - extendable overhangs and the 
concentration of 3' ends is low. 

Utility 

• The DNA shuffling method: of this invention can be^ performed 
blindly on a pool of unknown sequences.. By adding- to the 
reassembly mixture oligonucleotides (with ends that, are 
homologous to the sequences . being reassembled) any sequence 
mixture can be incorporated at any specif ic.position into another 
sequence mixture. Thus, 'it is conremplated that mixtures of' 
synthetic oligonucleotides, ?CR frag:?.ents or even whole genes can 
be nixed into another , sequence library at defined^ positions . The 

'insertion' of one sequence t"i:<turej is independent from - the . 
insertion of a secuence in. 'ancther part of the template., Thus, 
the degree of recombinat ior. , the homology required and the 
diversity of the library can be independently and simultaneously . 
varied along the length cf. the reassembled DNA.^ 

' This aooroach of mixing two ' genes may .. be ■ useful for the 
humanization of antibodies from murine hybridomas. The approach 
of mixing two genes or inserting mutant. sequences into genes may 
be useful for anv therapeutically used protein/ for example, 
interieukin I,, antibodies, tPA, growth hormone, etc. The approach 
'may also be useful in any nucleic'acid for example, promoters^ or 
introns or 3' untranslated region or, 5' untranslated regions of 
genes to increase expression or alter specificity of expression 

.of oroteihs. The approach may also be used to mutate ribozymes; 

or aptamers/ ■> . 

Shuffling requires the presence of homologous regions 
separating regions of diversity. If the sequences to be shuffled 
are' not substantially identical, it is typically, preferable to 
employ intron-based shuffling and/or site-specific recombination. 
Scaffold-like protein structures may be particularly suitable for 
shuffling. The conserved scaffold determines the overall folding 
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by self-association, while displaying relatively unrestricted 
loops that mediate the specific binding. Examples of such 
scaffolds are the immunoglobulin beta-barrel, and the four-helix 
bundle (24). This shuffling can be used to create scaffold-like 
5 proteins with various comoinations of mutated sequences for 
binding. 

In Vitro Shuffling 
The equivalents of some standard genetic matings may also 

10 be performed by shuffling In vitro. For example, a 'molecular 
backcross' can be performed by repeated mixing of the mutant's 
nucieic acid with the wild-type nucleic acid while selecting for 
the mutations of interest. As in traditional breeding, this 
approach can be used to conbine phenotypes from different sources 

15 into a background of choice. It is useful, for example, for the 
removal of neutral r.utations that affect unselected, 
characteristics (i.e. imnunogenicity) . Thus it can be useful to. 
determine which mutations ir. a protein are involved in the; 
enhanced bio-logical activity and vhich are not, an advantage;,- 

2 0 which cannot be achieved by error-prone mutagenesis or cassette 
mutagenesis methods . ■ . ■{ 

Large, functional genes ' can be assembled correctly from a- 
mixture of small .random fragm.ents. This reaction may be of use' 
for the reassembly of genes f rom ' the highly fragmented DNA ofn 

25 fossils (25)'. In addition randon nucleic acid fragments from 
fossils may be combined with nucleic acid fragments from siriilar 
genes from related species. 

It is also contemplated that the method of this invention 
can be used for the in vitro amplification of a whole genome, from 

30 a single cell as is needed for a variety of research and 
diagnostic applications. DNA amiolif ication by PGR is in practice 
limited to a length of about 40 kb. Amplification of -a whole 
genome such as that of E. coli (5,000 kb) by PGR would require 
about 250 primers yielding 125 forty kb fragm.ents. This approach 

35 is oot practical due to the un:ivailability of sufficient sequence 
data. On the other hand, random digestion of the genome with 
DNAsel, followed by gel purification of small fragments will 
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provide a multitude of possible primers . Use of this mix of 
random small fragments as primers in a PCR reaction alone or with 
the whole genome as the template should result in an inverse 
chain reaction with the theoretical endpoint (assuming dilution 
and additional PCR) of a single concatemer containing many copies 
of the genome. 

100 fold amplification in the, copy number and an ■ average 
fragment size of greater than 50 kb may be- obtained when- only 
random fragments are used (see Example 2). It is' thought that 
the larger concatemer is generated by overlap of many smaller 
fragments. The quality of specific PCR products obtained using 
■synthetic primers will be indistinguishable from the product 
obtained from unamplified DN'A. It is expected that this approach 
will be useful for the r;apping of genomes. 

The polynucleotide zo be shuf^rled can be fragmented randomly 
or ■ non-randomly , at the discretion of the pract irioner . 

" - ■ ■ In -Vivo ShL: f f 1 inn ' , . 



In an e-bodi-ent of in vivo snuffling, zhe mixed population 
of the specific nucleic acid 'sequence is' introduced into 
bacterial ( e . c . Archeaebacter la ) or, eukaryotic cells under . 
conditions- such tha-t ' at least two different nucleic acid 
sequences are present m each host cell. ""The fragr.ents can be 
introduced into the host cells by a variety of different r.ethods . 
The host- cells can. be transforr.ed with^ the fragments using 
rr.ethods known' in the art, for exarr.ple treatment with .calcium 
chloride. If the fragr-.ents are inserted into a phage' genome , the\ 
host'cell can be transfected with the recombinant phagegenome 
having the specific nucleic acid sequences. Alternatively, the 
nucleic acid sequences can be introduced into, the host cell using 
electroporation, natural competence, transduction; .transf ect ion , 
lipof ection,, biolistics, conjugation, and the like or other 
suitable method of introducing a polynucleotide sequence into a 
cell. 

, In general, in this embocinent, the specific nucleic acids 
sequences will be present in vectors which are capable of stably 
replicating the sequence in the host cell. In addition, it is 
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contemplated that the vectors will encode a marker gene such thaf 
host cells having the vector can be selected or :icreeneci. This 
ensures that the mutated specific nucleic acid sequence can be 
recovered after introduction into- the host cell. However, it is 
contemplated that the entire mixed population of the specific 
nucleic acid sequences need not be present on a vector sequence. 
Rather only a Sufficient number' of sequences need be cloned into 
vectors to ensure that after introduction of the fragments into 
the host cells each host cell contains two vector species having 
at least one related-sequence nucleic acid sequence present 
therein. It is also contemplated that rather than having a subset 
of the population of the specific' nucleic acids sequences cloned 
into vectors/ this subset may be already stably integrated into 
the host cell. 

'It has beer, .fou.-.d zhaz wher. two fragr.ents which have 
regions of identity are inserted into the host cells, homologous 
recoribination occurs betveer. the two. frag^nents. Such 
recor.bination between the tvc mutated specific nucleic acid 
sequences will result in the production of substantially all 
20 co-bip.ations of all . or niost of the mutations (as ^ limited by 
library size and' propagation efficiency, etc.). 

It has also been found that the frequency of recombination 
is increased -if some of the mutated specific nucleic acid 
sequences are present on -linear nucleic acid molecules,. 
25 Therefore, in a preferred embodiment, some of the specific 
nucleic acid sequences are present on linear nucleic acid 
fragments. ■ In an embodiment, the nucleic acid molecules are 
sin'cle-stranded or substantially single-stranded, such as single- 
' stranded phage genomes which m.ay or m>ay not comprise heterologous 
30 sequences. M13 phage is an exar.ple of a suitable ssDNA template, 
■■ • and M13 has the advantage that the M13. virus can be shuffled in 
prokarybtic cells (e.g., E. coli) , and then used to transfer DNA 

. .into mammialian cells. ■ 

After transform.ation, the host cell transf ormants are placed 
35 under selection to identify those host cell transf ormants which 
contain mutated specific nucleic acid sequences having the 
Qualities desired. For example, if increased resistance to a 
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particular drug is desired then the transformed host cells may- 
be subjected to increased concentrations of the particular drug 
and those transf ormants producing, mutated proteins able to confer 
increased drug resistance will . be • selected . . If the enhanced 
5 ability of a particular protein to bind to a receptor is desired, 
then expression of the' protein ■ can . be /induced from the 
transf ormants and the resulting protein assayed in a ligand 
' binding assay by methods known in. the art to identify that subset 
of\ the mutated -population which shows • enhanced binding to the 
10 ligand. .Alternatively, the. protein ■ can be expressed in another 
V. * system to- ensure proper processing, ' / , . ^ ■ 

Once a subset of the first recofnbined specific nucleic . acid ' . 
sequences' (daughter sequences) having the desired characteristics 
■are identified, 'they are then subject, to. a second round ■ of . 

15- recombination. ... > ' " 

■In' ' the second cycle or ' re,co'r^;bi nation the recombined.^ 
speci,fic nucleic acid- sequences -ay .;be_ faixed with the .original 

■ mutated. specif ic- nucleic abid sequences (parent sequences) and 

■ the cycle repeated as described above.. In this way a set of 
20 second, recombined' specific nucleic acids "sequences • can .,be , 

identified. 'Which have enhanced characteristics or encode fpr • 
. proteins having enhanced propert les This" cycle can be repeated 
a number of times, as , desired .■• ■ ;• / ; • ' ■ 

'It - is. also contemplated that in^ t'he , second or subsequent 

25 recombination cycle, a backcross can pe. performed. X molecular , 
•backcross can be performed by mixing "the desired specific nucleic 
acid sequences with, a ..large numbet., of the wild-type ; sequence , 
such that, at least one wild-type nucleic , acid sequence and a 
m.utated nucleic acid sequence are present , in the sam.e'host cell 

'30 ./after transformation. .Recombination with the wild-type specific 

■ nucleic acid sequence will eliminate - those neutral or '.weakly 
- contributory mutations that may affect unselected, characteristics 

such, as immunogenicity but not the selected characteristics. 

In another embodiment of this invention,, it is contemplated 
33 ^.^^t during the first round a subset of the specif ic nucleic acid 
sequences can be fraginented prior to introduction into the host 
cell. The size of the fragm.ents must be large enough to contain 

t2 ■ 
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some 'regions of identity with the other sequences so as to 
homologously recombine with the other sequences. These 
fragments, ssDNA or dsDNA, can be coated with'RecA in vitro to 
promote hybridization and/or integration into the host DNA. The 
5 size of the fragments will range from 0.03 kb to 100 kb more 
preferably from 0.2 kb to 10 kb. It is also contemplated that 
in subsequent rounds, all of the specific nucleic acid sequences 
other than the sequences selected from the previous round may be 
cleaved into fragments prior to introduction into the host cells. 

10 "Cleavage" may be by nuclease digestion, PCR amplification (via 
partial extension or stuttering) , or other suitable means for 
generating partial length polynucleotides of parent sequence(s). 

Fragmentation of the sequences can be accomplished by a 
variety of methods known in the art. The sequences can be 

15 randomly fragrienred or fragrr^ented at specific .sites in' t.he 
nucleic acid sequence. Random fragments can be obtained by 
breaking the nucleic acid or exposing it to harsh physical 
treatment (e.g., shearing or irradiation) or harsh chemical 
agents (e.g., by free radicals; r.etal ions; acid treatment to 

20 depurinate and cleave) . Rando- fragr.ents can also be obtained', 
in the case of DUk by the use of DN'ase or like nuclease, or by 
other means as discussed herein. The sequences can be cleaved 
at specific sites by the use of restriction enzymes. The 
fragr.ented sequences car, be s ing le- stranded or double-stranded'. 

25 If the sequences were originally single-stranded they can be 
denatured with heat, chemicals or enz'^^r.es prior to insertion into 
the host cell. The reaction conditions suitable for separating 
the strands of nucleic acid are well known in the art. 
Furthermore, partial PCR extension, PCR stuttering,- and other 

30 related methods for producing partial length copies of a parental 
sequence can be used to effect " f ragmientation" , e.g., to obtain 
a hybrid product which contains segiT.ents derived from different 
parental sequences. 

The steps of this process can be repeated indefinitely, 

35 being limited only by the nur^ber of possible mutants which can 
be achieved. After a certain number of cycles, all possible 
mutants will have been achieved and further cycles are redundant. 

5 3' 
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In an embodiment the same mutat'ed template nucleic acid is 
repeatedly recombined and the resulting recombinants, selected for - 
the desired characteristic. 

Therefore, the' initial pool or population • of mutated"' 
5 template nucleic acid is cloned into a vector- capable of 
replicating in bacteria such as E, coli. The particular vector 
is not essential, so long as it is capable :of autonomous, 
replication in E. coli or integration into a host chromosome'. - 
In a preferred embodiment, the vector , is designed to allow the 
10 expression- and production of any protein encoded by the mutated 
specific nucleic, acid linked to the vector. It is also preferred 
that the vector contain- a gene encoding for a selectable marker. 
The population of vectors containing the pool of- murated 
■ nucleic acid sequences is introduced into the E, coli host cells. 
15 The' vector nucleic acid' sequences' may be introduced by ■ 
■ transf orma'.t ion ; transf ecrion- or- infection in the case of phage. 
The concentration of vectors used to. trans f orr. . the bacteria' is 
'such that: a number cf vectors is introduced , into each cell-. Once 
present in the ceil/ the efficiency o f homolcga-Js _ recombination 
20 is such that homologous reccr.binat ion occurs between the various 
vectors. This results in the generation of mutants (daughters) ' ■ 
' having a .combination of mutations which dif fer' from- the- or iginal ' ■ 
parent mutated sequences.- . ' 

The host cells are then replicated, typic,aily clonally, and 
2.5 selected for the marker gene present on the vector." Only those 
cells, having a plasmid will grow under the selection. 

The host cells which contain a- vector are then. tested for 
the presence of favorable m.utatidns. Such testing may consist 
of placing the cells under selective pressure, for example./ if 
30 " the gene to'be selected is an improved drug resistance gene.' If 
the vector allows expression of the protein encoded by the , 
mutated nucleic acid sequence, then such selection may include 
allowing expression of the protein so encoded, isolation, of the 
protein and testing of the protein "to determine whether, for 
35 example, it binds with increased efficiency to the ligand of 
interest. 
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Once^ a particular pool of daughter mutated nucleic acid 
sequence has been identified which . confers the desired 
characteristics, the nucleic acid is isolated either already 
linked to the vector or separated from the vector. This nucleic 
5 acid is then recombined with itself or with similarly selected 
pools) and the cycle is repeated; optionally parental sequences 
can be used for subsequent rounds of recombination, in place of 
or in addition to other selected daughter species. 

It has been shown that by this method , nucleic acid sequences 
10 having enhanced desired properties can be selected. 

In an alternate embodiment, the first generation of mutants 
are retained in the cells and the first generation of mutant 
sequences are added again to the cells. Accordingly, the first 
cycle of 'Embodiment I is conducted as described above. However, 
15 after the daughter nucleic acid sequences are identified, the 
host c'ells containing rhese sequences are retained. 

' The daughter nutated specific nucleic acid population,,/ 
either as fraoTients or cloned into the sane vector is introduced 
into, the .host cells already containing the daughter nucleic 
20 acids. Reconbinat ion is' allowed to occur in the cells -and the 
next generation of recombinants > or granddaughters are selected 
by the methods described above. • . 

This cvcle can be repeated a number of tines until the 
nucleic acid or peptide having the desired characteristics i^ 
25 obtained. It is contemplated . that in subsequent cycles, the 
population ■ of nutated sequences which are added to the preferred 
mutants nay come from the parental nutants or any subsequent 
generation. 

In an alternative embodiment, the invention- provides a 
30 method of conducting 'a "molecular" backcross of the obtained 
recombinant specific nucleic acids (one species or a pool of 
several speceis) in order to eliminate any neutral mutations. 
Neutral mutations are those nutations which do not confer onto 
the nucleic acid or peptide tne desired properties. Such 
35 mutc^tions may however confer on the nucleic acid or peptide 
undesirable characteristics. Accordingly, it is desirable to 
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eliminate such neutral nutations. The methods of .this invention 
provide a means of doing so. . 

In this embodiment, after the mutant nucleic, acid, having^ 
the desired characteristics, is. .obtained by the methods of the 
embodiments,' the nucleic acid, the vector having the .nucleic acid 
or the host cell, tissue, or -individual organism containing the 
vector and nucleic acid is isolated. 

The nucleic acid or vector is then introduced into the host 
cell with* a large excess of the wild-type nucleic ' acid . The 
nucleic acid of the mutant and the nucleic acid of the wild-type 
sequence are allowed to recombine. The resulting recombinants 
are placed under the same selection as the mutant nucleic acid. 
Only those ' recombinants which retained the desired 
characteristics will be selected. Any silent mutations which do 
not provide the desired characteristics will be 'iost through 
recombination with the wi Id-type ' DSA . This cycle c^n be repeated 
a number of times until all of' the silent mutations- are 

el iminat ed . * 

Thus the' methods of this invention ' ca-n be used in a 
molecular backcross to' ■ elir.inate unnecessary, weakly 
contributina / and/or silent nutations. 
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The in vivo recombination nethoa of this -invention can be 
oerforried blindly on a pool of uni>:nown mutants" or alleles of a 
soecific nucleic acid fragr-ient or- sequence, or family of diverse 
but related sequences or sequences which share one or more 
recombinogenic sequences (e.g.', a site-specific recombination 
site, a , localized' segment o'f sequence homology having substantial 
identity for homoloogus r ecombinat ion, ^a homologous recombination 
"hotspot" sequence, a restriction site," etc.)- suitable for 
recursive recombination. Hovever, it is not necessary to know 
the actual DUA or PuMA sequence of the specific nucleic acid 
fragment. 

35 , The aoproach of. using recombination within a mixed 

population of * genes can be useful for" the generation of any 
useful proteins, for example, interleukin I, antibodies, tPA, 



wo 97/20078 



PCT/US96/19256 



^ -\growth horiuone, etc. . This approach- may be used - to. generate 
proteins having altered specificity or activity.' The approach 
" ' may also be useful for the generation of mutant nucleic, acid 
' ^ ■.'sequences, for example", promoter regions, ^ introns, exons, 
■5 enhancer' sequences, 3* untranslated regions or 5'' untranslated. 
. regions of genes. ^ Thus this -approach may be used to generate 
genes having increased rates of expression. This approach may 

■ also be useful in the study of 'repetitive DNA' sequences. 
•Finally, this approach may be useful to ■ mutate ribozymes or 

IG • aptamers. " ' v ^ ■ 

' ;.' Scaffold-like regions, separating regions of diversity in 
. ^ / proteins may be particular ly suitable for the methods of- this 

■ invention. The conserved scaffold determines the overall folding 
~ by self -association , while displaying^ relatively unrestricted 

15 loops that mediate thie specific binding. Examples of such 
' scaffolds are the immunoglobulin beta barrel, and the four-helix 
bundle. ' The methods of this invention can be used' to^ create 
scaffold-like, proteins with various combinations of. mutated 
sequences for binding. . . ' . 

20 The ■equivalents of- some standard genetic ir^atings may -also 

be performed by the methods of this invention. For exanple, 'a ' 
"molecular", backcross can be performed- by repeated mixing of the 
mutant's nucleic acid 'with the wild-type^., nucleic ■ acid while' 
selecting for. the m.utations of interest. As in, traditipna-i 
'25 breeding, this approach, can be used to combine . phenotypes from, 
different sources into a background of choice. is . useful for ' 

example, for the ,rer:)oval of neutra.l ■ mutations that affect 
unselected characteristics ( i . e , , immunogenicity ) . . Thus it can 
be useful to* determine which mutations ' in a protein are' involved 
3 0 in the enhanced biological activity and which are not. 

■ • ' ■ , . ■ ■ ■ ' . 

Peptide Displav Methods ' ■' , . 

The present method can be used to shuffle,' byj in vitro 
and/or in vivo recombination by- any of the disclosed- methods , -and 
35 in any combination, polynucleotide "sequences selected by peptide 
display methods, wherein an associated polynucleotide encodes a 
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.displayed peptide which is screened for a phenotype. (e.g., for 
affinity for a predetermined receptor (ligand). 

■An increasingly important aspect. of biopharmaceutical 
drug development and molecular biology is the identification of 
peptide structures, including the primary amino acid sequences, 
of .peptides or peptidomimetics that interact with biological 
macromolecules! . One method of identifying peptides that .possess 

"a desired structure or functional property, such as . binding to 
a ' predetermined biological raacrpmolecule (e.g., a receptor), 

.involves the screening of a large library or peptides for 
individual library members which possess the desired 'struct:*dre r 
or functional property conferred by the amino acid,, sequence of • 

the peptide. ' / , 

In addition to direct: chemical synthesis methods for 
generating- pepride libraries, several recombinant DMA' ' methods 
also have -been reported. One rype involves the display of, a • 
•peptide sequence,, antibody, or orner. protein ' on the surface.-of ■ 
a bacteriophage particle or cell. Generally; in these methods 
each bacteriophage particle or ceil serves as an individual 
library member displaying a single species . of displayed peptide- 
-in 'addition to ' the natural bacteriophage or cell protein 
seaaences. Each bacteriophage or cell conta ins ' the nucleotide 
sequence 'information encoding the particular -displayed peptide 
sequence; thus,, the displayed peptide sequence can be ascertained, 
bv- nucleotide ■ seauence determ.ination' of an isolated library 
r?. e m b e r . . 

A well-known ^ peptide display method involves the 
presentation of- .a peptide .sequence on the surf ace" of 'a 
filamentous bacteriophage, typically as a fusion with ' a 
bacteriophage coat protein. The bacteriophage library can be 
incubated with an -immobilized, "predetermined macromolecule or 
small molecule (e.g.', a receptor) so that bacteriophage particles 
which present a peptide sequence that binds to the immobilized 
macromolecule can be differentially partitioned from those that 
do not present peptide sequences that bind to the predetermined 
macromolecule. The bacteriophage particles (i.e. , library 
members) which are bound to the immobilized macromolecule are 
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then recovered and replicated to amplify the selected 
bacteriophage subpopulafion for a subsequent round of affinity 
enrichment .and phage replication . After several rounds of 
affinity enrichment and phage replication, the bacteriophage 
5 library members that are thus selected are isolated and the 
nucleotide .sequence encoding the displayed peptide sequence is 
determined, thereby identifying the sequence (s) of peptides that 
bind to the predetermined macromolecule (e.g., receptor). Such 
methods are further described in PCX patent publication Nos . 

10 91/17271, 91/18980, and 91/19818 and 93/08278. 

The latter PCT publication describes a recombinant DNA 
• method for the display of peptide ligands that involves the 
production of a library of fusion proteins with, each fusion 
protein composed of a first polypeptide portion, typically 

15 comprising a variable sequence, vhat is available for potential 
binding to a predecerr. me:: nacroniol ecu ie , and a second 
polypeptide portion that binds to DNA,- such as the' DKA vector 
encoding the individual fusion protein. When transformed host 
cells are. cultured under conditiop.s that allow for expression_ of 

•^O the fusion orotein, the fusior, protein binds to the DNA vector 
■ encoding it. Upon lysis zz the host cell, the fusion 
protein/vector DNA co-piexes can be screened against^ a' 
predeternined macronolecule in r^uch the sane way as bacteriophage 
particles are screened in the phage-based display system, ^\-!-^^ 

25 the reolication and sequencing of the DNA vectors in the selected 
fusion protein/ vector DU?-. c'o~piexes serving as the basis for 
identification of the selected library peptide sequence(s). 

Other systems for generating libraries of peptides and 
like oolvmers have aspects of both the recombinant and i_n vitro 

30 ■ chemical synthesis methods. In these hybrid methods, cellr-free 
enzymatic machinery is employed to accomplish the in vitro 
synthesis ^ of the library members (i.e., peptides or 
polynucleotides). In one type of method, RiMA molecules with the 
*\ ability to bind a predetermined protein or a predetermined dye 

35 molecule were selected by alternate rounds of selection and PGR 
amplification (Tuerk and Gold (1990) Science 249: 505; Ellington 
and Szostak (1990) Nature 345 : SIS). A similar technique was 
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used to identify DMA sequences which bind a predetermined human 
transcription factor (Thiesen and Bach (1990). Niirleic Acids Res. 
18: 3203; Beaudry and Joyce (1992) Science 257; .635; PCT patent 
publication Nos. 92./05258 arid 92/14843) . In a similar fashion, 
5 the technique of in vitro translation has been used to synthesize 
proteins of interest and has been proposed as a method for 
generating large libraries of peptides. These methods, which rely 
upon in vitro translation, generally comprising stabilizea 
polysome complexes, are described further, in PCT ,. patent 
10 publication. Nos. 8B/08453, 90/05785, 90/07003, ■ 91/02075, 
91/05058, and 92/02536. Applicants have described methods in 
which library members comprise a fusion protein having a first 
polypeptide portion wit.h DKA binding activity and a second 
polypeptide portion .having the 1 ibrary . member unique, peptide 
15 ■ sequence.; such methods are suitable for use in cell-free in vitro . 
selection formats, among otr.ers. ^ 

. • A variation of the -etnod is recursive, sequence 
recombination performed by ' mtron-based recombination , wherein 
the sequer.ces to be recombir.ei are present as exons (e.g. , in the 
20 forrr, of exons, whether naturally occurring , or artificial) which. 
• m.ay share substantial, little, or, no sequence identity and which 
•are separated by one or more introns • (which may be naturally 
occurring intronic se.quences or not). which share sufficient 
sequence identity to support homologous recombinat ion .between 
25 introns. For. exampie but not limitation, a population of 
■ polynucleotides comprises library members wherein each library 
member has one or more copies of a first set of exons linked via 
a first set of introns to one or, more copies of a second set of 
. exons linked via a second set of introns to one , or more, copies 
30 . of a third set of. exons. .Each of the members of the first set 
■' of exons may. share substantial, little, or no sequence identity 
with each other or with members of the second or third sets of 
exons. Similarly, each of the members of the second. set of exons 
may 'share substantial, little, or no sequence identity with each 
35 other or with m>em,bers of the first or third sets ■ of exons. 
Similarly, each of the r.embers of the third set of exons may 
share substantial, little, or no sequence identity with each 

■ eo' 
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Other or with members of the first or second sets of axons. Each 
of the members of the each set (first, second, third, etc.) of 
introns shares sufficient sequence identity with the other 
members of the set to support recombination (homologous or site- 
5 specific recombination, including restriction , site-mediated 
recombination) between members of the same intron set, but 
typically not with members of other intron sets (e.g., the second 
or third sets) , such that intra-set recombination between introns 
of the library members occurs and generates a pool of recombined 
10 library members wherein the first set of exons, second set of 
exons, and third, set of exons are effectively shuffled with each 
other. 

The displayed peptide sequences can be of varying 
lengths, typically fro" 3-5000 anino acids, long or longer, ^ 

15 frequently from 5-100 amino acids long, and often from about S-15 
amino -acids long. A library can ccr.prise library members having, 
varying lengths of displayed peptiide sequence, or may comprise 
library members having a fixed length of displayed peptide^ 
sequence. Portions or all of the displayed peptide sequence ( s ).^ 

20 can be random, pseudorandom, defined set kernal, fixed, or the 
like. * The present display ' r.ethods include methods for in vitro - 
and m vivo display of single-chain antibodies, such as nascent 
scFv on polysomes or scFv displayed on phage, which enable large-, 
scale screening of scFv libraries having broad diversity of^ 

25 variable region sequences and binding specificities. 

The present invention also provides random, 
pseudorandom, and defined sequence framework peptide libraries 
and methods, for generating and screening those libraries to 
identify useful compounds (e.g., peptides, including single-chain 

30 antibodies) that bind to receptor molecules or epitopes of 
interest or gene products that modify peptides or RNA in a 
desired fashion. 'The random, pseudorandom, and defined sequence 
framework peptides are produced from libraries of peptide library 
members that comprise displayed peptides or displayed single- 

35 chain antibodies attached to a polynucleotide template from which 
the displayed peptide was synthesized. The mode of attachment 
may vary according to the specific er.bodiment of the invention 
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selected, and can include encapsidation in a phage particle or 
incorporation in a cell, 

A method of affinity enrichment allows a very large 
library of peptides and single-chain antibodies to be screened 
5 and the polynucleotide sequence encoding the desired peptide (s) 
or single-chain antibodies to be selected. ,The pool of 
polynucleotides can then be isolated and, shuffled to recombine 
combinatorially the amino acid sequence of the selected 
peptide (s) (or predetermined portions thereof) or single-chain 
10 antibodies- (or just Vj;^, V^, or GDR portions thereof). , Using 
these methods, one can identify a peptide or single-chain 
antibody as having a desired binding affinity for a molecule and 
can exploit the process of shuffling to converge rapidly to a 
desired h-igh-a f f inity .pepr ide or scFv. The peptide or antibody 
15 ■ can then be synthesized in bulk .by conventional means for any 
suitable use (e.g. ,.as a therapeutic or diagnostic -agent) . 

■ , . A .siqnificant 'advantage of the present invention is 
that no orior information regarding an expected' ligand structure' 
is required to isolate peptide iigands or antibodies, of interest. 
20 The peptide identified can have biological activity, which is 
meant to include at least specific binding- affinity for ,a , 
selected receptor . mo lecule and, in some instances wil 1 further 
■ include the ability to block the binding of other compounds, to 
stimulate' or inhibit metabolic pathways., to act as a ■ signal or 
25 m.essenger, to 3tim;ulate cr inhibit- cellular act ivity , . and the 
■ ■ like. 

The present invention also provides' a method for 
■ shuffling a pool of polynucleotide sequences selected by af-finity 
screening - a library of polysomes displaying, nascent peptides 
-30 (including single-cha'in antibodies) for library members- which- 
bind to a predetermined receptor (e,g. , a mammalian proteinaceous 
receptor such as, for exam.ple, a peptidergic ■ hormone receptor, 
a cell surface receptor, an intracellular protein which binds to 
other protein(s) to form intracellular protein complexes such as 
35 heterodimers and the like) or epitope (e.g., an immobilized 
protein, glycoprotein, oligosaccharide, and the like). 
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Polynucleotide sequences selected in a first selection 
round (typically by affinity .selection for binding to a receptor 
(e.g., a ligand) by any of these methods are pooled and the 
pool(s.) is/are shuffled by in vitro and/or in vivo recombination 
5 to produce a shuffled pool comprising a population of recombined 
selected polynucleotide sequences. The recombined selected 
polynucleotide sequences are subjected to at least one subsequent..; 
selection round. The polynucleotide sequences selected in the 
subsequent selection round (s) can be used directly (as a pool or 
10 in individual clones) , sequenced, and/or subjected to one or more 
additional rounds of shuffling and subsequent selection. 
Selected sequences can also be' backcrossed with polynucleotide 
sequences encoding neutral sequences (i.e., having insubstantial 
functional effect * on binding) , such as for example by 
15 backcrossing with a' wild-type or naturally-occurring sequence 
substantially identical tc a selected sequence to produce native- 
like functional peptides, which nay be less immunogenic. 
Generally^ during backcrossing, subsequent selection is applied 
to retain the property of bir.dir.g (or other desired selectable 
20 or screenable property or phenotype) to the predetermined 
receptor (ligand) . Other properties are exemplified by .the 
capacity to block a predeterrr.ined binding interaction (e.g., act 
as ' a partial or. cor.plete antagonist or competitive binding 
species) or to exhibit a catalytic function, or the -like, among 
25 others. 

Prior to or concor.itant with the shuffling of selected 
sequences, the sequences can be nutagenized In one embodiment, 
selected library members are cloned in a prokaryoric vector 
(e.g., plasmid , phagemid , or bacteriophage) wherein a collection 

30 of individual colonies (or plaques) representing discrete library 
members are produced. Individual selected ' library members can ■ 
then be manipulated (e.g. , by site-directed mutagenesis, cassette 
mutagenesis, chemica 1 riutagenes is , ?CR mutagenes is , and the like) 
to generate a collection of library members representing a kernel 

35 of sequence diversity based on the sequence of the selected 
library member. The sequence of an individual selected library 
member or pool can be manipulated to incorporate random mutation, 
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. pseudo'randon mutation, , defined kernal mutation (i.e., comprising 
variant and invariant residue positions and/or comprising variant 
residue positions which can ' comprise a resJ.due selected from a 
defined, subset of amino acid residues) , codon-based mutation, and 
5 the like/ either segmentaaiy or over the' entire length of the 
individual" ' selected library member sequence. The mutagenized 
' selected .library members' are then shuffled by in vitro and/or in 
vivo recombinatorial shuffling as disclosed herein, 

• • The' invention also' ' provides peptide libraries 

10 .comprising, a plurality of . 'individual . library , members of the, 
invention," wherein (1) 'each -individual library, member of- said 
plurality comprises a sequence produced by shuffling of a pool 
of selected -sequences, and (2) each individual library rnember 
comprises a variable peptide. sec7r;ent sequence or sing-le-chain 

15 antiibody seq:?,enz sequenc.e which is distinct from the variable 
peptide segrient sequences or sing.le-chain anribody sequences of, 
other individual library r.e-bers in'said plura liry ' (although some 
library menibers may , be ■ present , in r.ore than one copy, per library • 
due to uneven amplification,, '.stochastic probability, or. the 

2 0 " like) . ' ' \ " 

'The- invention also provides a , product-by-process , 
■ wherein ' selected polynucleotide, sequences having (or encoding a 
peptide having) 'a predetermined bind ing spec! f ic ity are formed 
by 'the process or:.,'(l) screening a displayed .peptide or displayed' 

25 sincle-'chain antibody library against a predetermined receptor 
(e.g., ligand). or epitope .(e.g., - antigen, macromolecule ). and 
identifying and/ or enr.iching .library ^members which ' bind to , the 
predeterTTiined receptor or epitope to produce *a pool of " selected 
library members, (2) shuffling by recombination, 'of the selected 

30 library members (or amplified or cloned ' copies^ thereof which' 
binds the predetermined epitope and has been' thereby isolated, 
and/or enriched from the library to generate a shuffled library,' 
and (3) screening the shuffled library ■ against the predetermined 
receptor (e.g., ligand) or epitope (e.g.; antigen' macromolecule) 

35 and- identifying and/or enriching shuffled library members which 
bind' to the predetermined receptor or epitope to produce a pool 
of selected shuffled library members. 
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Antibody Display and Screening Methods , 
The present method can be used to shuffle, by in vitro 
and/or in vivo recombination by any of the disclosed methods, and 
- in any combination, polynucleotide, sequences selected by antibody 
5 display methods, wherein an associated polynucleotide encodes a 
displayed antibody which is screened for, a phenotype (e.g., for 
affinity for binding a predetermined antigen (ligand) . 

Various molecular genetic approaches have' been devised 
to capture the vast immunological repertoire represented by the 
10 extremely large number of distinct variable regions which can be . 
, ' present in immunoglobulin chains. The naturally-occurring 
germline immunoglobulin heavy chain locus is composed of separate 
tandem arrays of variable (V) segment genes located upstream of • 
a tandem array of diversity (D) segment genes, which are 
d5 themselves located upstream cf a tandem array of joining (J) 
region genes, which are located upstream of the constant (C.^)^ 
region' genes.* During - iymphocyte ■ development, V-D-J 

rearrangement occurs wherein, a heavy chain variable region cene^ 
(V,.; ' is ■ formed ■ bv rearrangement to form a fused D-J segm.ent ^ 
20 followed by rearrangement ;-*ith a V segm.ent to f o'rm a V-D-J joined 
product, gene which, if productively rearranged, encodes a 
functional variable region (V^) of - a heavy chain. Similarly, 
liaht chain loci rearrange one of several V segments with one of. 
several J segr;ents to form a gene encoding' the variable region.., 
25 (V^) 'of^.a light chain. ' ' ' • _ 

The vast renertoire of variable regions possible in 
imumunoglobulins derives in part from the numerous combinatorial 
possibilities of joining V and J segrients (and,^ in^the case of. 
heav>' chain loci, 0 segments) during rearrangement in B cell 
30 development. Additional sequence diversity in the heavy chain ^ 
variable 'regions arises from non-uniform rearrangements of the. 
D segments during V-D-J joining' and from region addition. 
Further, antigen-selection of specific B cell clones selects for. 
higher affinity variants having nongermline mutations ■in one or 
35 both of the heavy and light chain variable regions; a. 'phenomenon 
referred to as "affinity maturation" or "affinity sharpening" . 
typically, these '"affinity, sharpening" mutations 'cluster in 
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specific areas of the variable region, inost cor;i.^only in . the 
comprementarity-determining regions (CDRs) . 

In order to overcome many of the limitations in 
producing and identifying high-affinity immunoglobulins through, 
antigen-stimulated B cell development (i.e.,, immunization), 
various prokaryotic expression systems have been -developed that 
can be manipulated to produce combinatorial antibody libraries 
which may be screened for high-affinity antibodies to specific 
antigens. Recent advances in the expression of antibodies, in 
Escherichia coli and bacteriophage systems (see,- "Alternative . 
Peptide Display Methods", infra) have raised the possibility that . 
virtually .any specificity can.be obtained by either cloning 
•antibody genes from characterized hybridomas or by^ de novo 
selection using antibody gene libraries (e.g., fror. Ig cDNA).. 

' Conb^'natorial libraries- 'of antibodies have been . 
generated in bacter iop'haae' lar.bda expression sys'-tems which may 
be screened as bacteriophage plaques or as 'colonies of lysogens 
(Huseet'al. (1939) Science 2 4 6 : 1275; Caton and ■ Koprowsk i (1990) 
Proc, Natl. Acad. Sci . ru.S.A.l 31: , ; Mullinax et al (1990) 

Proc. Natl . Acad Sci . . 5 . A . ) • o.7 : 3095 ; Persson et al.. (1991) 
Vroc: Na'tl. Acad. 5ci. iU.S.A.) 31; 2432 ). Various" embodiments 
of bacteriophage .antibody display libraries and' lambda phage 
■exoression libraries . have been described ,{Kang et al. (1991) ■ 
P roc. Natl. Acad. Sci', CV.S.r..) S£ : 4363 ; Clackson et al. (1991) 
vT^i^.^v-o 3, 52 : 52 4; McCaffert:v et al. (1990) Nature 348 : 5 52; Burton 
et -.-al.' (1991) Proc . ^ Natl. Acad. Sci. (U.S.A. V -88: ^10134; 
Hoogenboon 'et al. (1991) Nucleic Acids -Res. 1^: 4133-; Chang et 
al.^ ri99l1 - J . Immunol . 14 7 : . 3 610 ; Breitling et al.- (1991) Gene 
■ 10^ ■ 1.47; Marks et al. (1991) J .' Mol . Biol . '222 : - 581 ; Barbas et 
-al.. ( 1992) Proc. Natl^ Acad. Sci. /U.S.A. ^ 89: 4 4 57; Hawkins and 
Winter . (1992) J. lKirr,unol. 22:' 867 ; Marks et al. (1992) 
Biotechnology 10: 779 ; Marks et al.' (1992) J. Biol. Chem.- 267: 
16007';* Lo'vTTT.an et al (1991) Bioche-istrv 30: 10832 ;' Lerner et al. 
( 1992) Science 258 : 13 13, incorporated herein by reference). 
Typically/ a bacteriophage anribody display library is screened 
with a receptor (e.g., polypeptide, carbohydrate glycoprotein , 
nucleic acid) that is imir.obi 1 ized (e.g., by covalent linkage to 
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^- a chromatography resin, to enrich for -reactive phage by affinity 
- chromatography) and/or ■ labeled (e.g.,. to screen p4aque or colony 
lifts) . [ 

One particularly advantageous approach has been the use 
5 of so-called single-chain . fragment variable (scFy) libraries 
(Marks et al, (1992) Biotechnology ' 10 : 779; Winter G and Milstein 
' C (1991) Nature 34 9 : 293; Clackson et al. (1991) op, cit . ; Marks 
et al. (1991) J. Mol. Biol. 222 : 581; Chaudhary et al. (1990) 
Proc. Natl. Acad. Sci. ruSA) 87: 1066; Chiswell et al. (1992) 
10 TIBTECH 10: 80; McGafferty et al. (1990) . op. cit . ; and Huston et 
al. (1988) Proc. Natl. Acad. Sci. (USA) 85: 5879). Various 
embodiments of scFv libraries displayed on bacteriophage coat 
proteins have been described.. 

Beginning in 1988/ single-chain analogues of Fv 
15 fragments and their fusion proteins have' been, reliably generated 
by antibody engineering methods;' The first step generally 
involves obtaining the genes encoding V.^ and V\^^ domains t/ith 
desired binding properties; these' V genes may be isolated 'from 
a 'specific' hybridoma cell line, 'selected, from a combinatorial - 
20. V-gene library, or made by V gene synthesis. The single-chain 
Fv is formed by connecting the component V genes with- an 
oligonucleotide that encodes an appropriately designed linker 
peptide,, such as (Gly-Gly-Giy-GIy-Ser ) 3 or equivalent 'linker 
peptide(s). The linker bridges' the C-term.inus of the- first V 
25. region and" N-terminus of the' second, ' ordered as either 
V.j-iinker-V, or V, -linker-V^ . In principle, the scFv binding 
site can faithfully replicate both the affinity and specificity' 
of its parent, antibody ^combining site. 

Thus, scFv fragments are comprised of and V^^ domains 
30 linked into- a single polypeptid,e chain by a flexible linker 
peptide. After the scFv genes ■ are assembled , they are cloned 
into 'a phagemid and expressed at the tip' of the M13 phage' (or 
similar , filamentous bacteriophage) as fusion proteins with the 
" bacteriophage pIII (gene 3) coat , protein . Enriching for phage 
3.5 expressing an antibody of interest is ' accompl ished by panning the 
recombinant phage ' display ing a population scFv for binding to a 
predetermined epitope (e . g target antigen, receptor). 
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The linked polynucleotide of a library member provides 
the basis for replication of the library member after a screening 
or selection procedure, and- also provides the basis for the 
determination, by nucleotide sequencing, of the identity of the 
.5 ■ displayed peptide sequence or Vg and Vl amino acid sequence. The 
displayed peptide(s) or single-chain antibody (e.g., scFv) and/or 
its V„ and V, ' domains or their CDRs can be cloned and expressed 
in a suitable expression system.. Often polynucleotides encoding 
the isolated V^; and 'domains will be ligated to polynucleotides 

10 encoding constant regions (G^ and C^) to form polynucleotides 
encoding complete antibodies (e.g., chimeric oir fully-human), 
antibody fragments, andthe like.- Often polynucleotides encoding 
the isolated CDRs will be grafted into polynucleotides encoding, 
a suitable variable region framework (and optionally constant 

15 regions) to fern polynucleotides encoding complete antibodies 
(e.g., humanized or fully-human), antibody fragments, and the 
like. Antibodies can be used to isolate preparative quantities- 
' of the antigen b\' im.-nunoaf f inity chromatography. Various other 
uses of such antibodies are to diagnose and/or stage disease 

20 (e.g., neoplasia), and for therapeutic application to treat 
■ disease,, such as for example: neoplasia, autoi'mmune disease, 
AIDS, cardiovascular disease, infections, and the like. 

Various methods have been reported for increasing the 
combinatorial diversity of a scFv ' library to broaden the 

25 repertoire of binding species (idiotype spectrum.)'. The use of' 
PGR has permitted -the variable regions to be rapidly cloned 
either from a specific hybridom.a ■ source or as a gene library from 
non-irjr.unized cells,' affording combinatorial diversity in the ' 
assortment of and ' cassettes which can be combined. 

30 Furthermore, " the V.^; ■ and ' cassettes can; themselves be 

diversified, such as by random, pseudorandom, or directed 
-utagenesis. Typically, V.^ and v,^- cassettes are diversified in 
,r near the complementarity-determining regions (CDRs) , often the 
third CDR, CDR3 . Enzymatic inverse ?CR mutagenesis has been 

35 shown to be a sim^pie and reliable method, for constructing 
relatively large libraries of scFv site-directed mutants (Stemmer 
et al. (1993) R iotechniaues 14: 256), as has error-prone PGR and 
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chenical mutagenesis (Deng et al. (1994) J . Biol. Chem. 261: 
'9533). Riechmann et al. (1993) Biochemistry 22' 8848 showed 
semirational design of an antibody scFv fragment using site- 
directed randomization by degenerate oligonucleotide PCR and 
5 * .subsequent phage display of the resultant scFv mutants. Barbas 
et al. (1992) op. cit . attempted to circumvent the problem of 
limited repertoire sizes resulting from using biased variable 
region sequences by randomizing the sequence in a synthetic CDR 
region o*f a human tetanus toxoid-binding Fab . 

10 . /CDR randomization has the. potential to create 

approximately 1 x 10^*^ CDRs for the heavy chain CDR3 alone, and 
a roughly similar number of variants of the heavy chain CDRl and 
■ 'CDR2, and light chain CDRl-3 variants. Taken individually or 
together, the combinatorics of CDR randomization of heavy and/or 

15 light chains requires generating ■ prohibitive number of 
bacteriophage clones to produce a clone library representing all 
possible combinations, the vas- najority of which will be non- 
binding. Generaticn c: such large numbers of primary 
transf ormants is not feasible with current trans forr.ation 
■20 technology' and bacteriophage ' display systems.' For' example, 
Barbas et al. ( 1952) on. cit . only generated 5 x 10/ 
transf ormants, which represents only a tiny fraction' of the 
potential diversity of a library of thoroughly randomized CDRs. 

' - Despite these substantial limitations, bacteriophage 

25 display of scFv has already yielded, a variety of' useful 
antibodies and antibody fusion proteins. A bispecific single 
chain antibody has been shown to mediate efficient tumor cell 
lysis (Gruber et al. (1994) J. Immunol. iH: 5363). 
Intracellular expression of an anti-Rev scFv has been shown to 

30 inhibit HIV-1 virus replication in vitro (Duan et al. (1994) 
Proc. Natl. Acad. Sci. fUSAJ 91: 5075) , and intracellular 
expression of an anti-p21'^" scFv, has been shown to inhibit 
meiotic maturation of Xenoous oocytes (Biocca et al. (1993) 

, ' - Biochem. Bioohvs. Res. Commun / .1.97 : 4,22. Recombinant scFv which 

'35 can be used' to diagnose HIV infection have also been reported/ 
demonstrating the diagnostic utility of scFv (Lilley et al . 
(1994) J. Immunol. Meth . -171: 211). Fusion proteins wherein' an 
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scFv is linked to a second' polypeptide, ' such as a. toxin or. 
' fibrinolytic activator protein, have also been reported (Holvost 
et al. (1992) mr. .T. Riochem. 210: -945; Nicholls et al. (1993) 
.. .T. Riol. Chem. 261= 5302). 

. 5 If it were possible to generate scFv libraries having, 

broader antibody diversity and overcoming many of the limitations 
of conventional CDR mutagenesis and randomization methods which, 
can cover only a very tiny fraction of the potential sequence 
,. combinations, the number and quality of scFv. antibodies suitable 
10 for therapeutic and diagnostic use could be vastly improved. To 
address -this, the in vitro and in vivo shuffling methods of the 
invention are 'used to recombine CDRs which have ' been obtained- , 
(typically, via PCR amplification or cloning) from nucleic acids 
obtained from , selected displayed antibodies. Such . displayed 
.15 .antibodies'can be displayed on ceils, on bacteriophage ?art;i=,}.es , _ 
•'on polysomes, or any suitable ant-body display system. wherein the 
antibody is associated with its encoding nuclei? acid (s) . • In' a 
• variation,- the CDRs are initially obtained •from mRK.^ (or zDlik) 
from antibody-producing cells (e.g., plasma cei Is/ splenocytes 
20 from an immunized wild-type nouse, a human, or a ■transgenic mouse , 
. capable of making a human antibody as in W09 2 / 039 18 , W09 3 /' 122 27'; 
and W094/25585), including hybridomas derived therefrom. •. ' 

, :• Polynucleotide sequences selected in a first selection 
round (tyoicallv by affinity selection for displayed ■ an-t ibody 
25 binding to an antigen {e.g., .a ligand) by .any of these methods 
are Dooled and the-?ool(s) is/are shuffled by in vitro an-d/'or in 
. vivo" -recombination, especially shuffling of CDRs (typically, 
shuffling hea%^/ chain CDRs with other heavs' chain CDRs and light 
. chain CDRs with other light chain CDRs) >o produce a shuffled, 
■-30 Dool ■ comprising a ■ population : , .of recombined selected 
■ Dolynucleotide sequences. The recombined selected polynucleotide 
sequences , are expressed in a selection , format as a displayed 
antibody and subjected to at least one subsequent selection 
round. The polynucleotide sequences selected in the subsequertt 
35 selection round(s) can be used directly, sequenced, and/or 
subjected to one or more additional rounds of shuffling and 
subsequent selection until an antibody of the desired binding 
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affinity is obtained. Selected sequences can also be backcrossed 
with polynucleotide sequences encoding neutral antibody framework 
sequences (i.e., having insubstantial functional effect on 
antigen binding) , such as for example by backcrossing with a 
5 human variable region framework to produce human-like sequence 
antibodies. Generally, during backcrossing subsequent selection 
is applied to retain the property of binding to the predetermined 
antigen. 

Alternatively, •* or in combination with the noted 

10 variations, the valency of the target epitope may be varied to 
control the average binding ' aff inity of selected scFv library 
members. The target epitope can be bound to a surface or 
substrate at varying densities, such as by including a competitor, 
epitope, by dilution, or by other -ethod known to those in the 

15 art. A high density (valency) of predetermined epitope can be 
used ro enrich for scFv library mer^bers which have relatively low 
affinity, whereas a low density (valency) can preferentially 
enrich for higher affinity scFv. library members. 

For generating diverse variable segTr^ents , a collection 

20 of synthetic oligonucleotides encoding random, pseudorandom, or 
a defined sequence kernal set of peptide sequences can be 
inserted by ligation into a • 'predetermined site (e.g., a CDR) . 
Sim.ilarly, the sequence diversity of one or more CDRs of the 
single-chain antibody cassette(s) can be expanded by mutating the 

25 CDR(s) with site-directed mutagenesis, CDR-replacement , and the 
like. The resultant DNA molecules can be propagated in a host 
• for cloning and amplification prior to shuffling, or can be used 
. directly (i.e., may avoid loss of . diversity which may occur upon 
propagation in a host cell) and the selected library members 

30 subsequently shuffled. 

Displayed peptide/polynucleotide complexes (library 
members) which encode a variable segment, peptide sequence of 
interest or a single-chain antibody of interest are selected from 
the library by an affinity enrichment technique. This is 

35 accomplished by m.eans of -a irumobilized macromplecule. or epitope 
specific for the peptide sequence of interest, such as a 
receptor, other macromolecule , ^ or other epitope species. 
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Repeating the affinity selection procedure provides an enrichment 
of library members encoding the desired sequences,, which may then 
be isolated for pooling and shuffling, for sequencing, and/or for 
'further propagation and affinity enrichment. 
5 The library members without the desired specificity are 

removed by washing. The degree and stringency .of washing 
required will be determined for each peptide sequence or single- 
chain antibody of interest and . the immobilized predetermined 
macromolecule. or epitope.. A certain degree of control can be 

10 exerted over the binding characteristics of the nascent 
peptide/DNA complexes recovered by adjusting the conditions of 
the binding incubation and the subsequent washing. The 
temperature, pH, ionic strength , divalent cations concentration, 
and the volume and duration of the washing will select for 

15 nascent peptide/DNA complexes, within particular .ranges of 
affinity for the irrjn'obilized.nacrDr^.olecule . Selection based'on 
slow dissociation rate, whicr. is usually predictive of high 
affinity, is often the most practical route. This may be done 
either by continued incubaticr. in the presence of a saturating 

20 ' amount of free predetermined na rromolecule , or by increasing the 
volume, number, and length of the washes, .In each case,, the 
rebinaing of dissociated nascent peptide/DNA or' peptide/RliA 
complex is prevented, and with , increasing time, nascent 
oeotide/DNA or peptide/FLNA complexes' of higher and higher 

25 ' affinity are recovered'. ' • 

Additional modifications of the. binding and washing 
procedures may be applied to find peptides with special 
characteristics. The affinities of some peptides are , dependent 
on ionic strength or cation ..concentration. . This .is a useful 

30 characteristic for peptides ' that will 'be used in affinity 
purification of . various . proteins when gentle conditions for 
removing the protein from the peptides are required. 

One variation involves the . use of multiple binding 
targets (multiple epitope species, m.ultiple receptor species), 

35 such that a scFv library can be simultaneously screened for a 
multiplicity of scFv which have different binding specificities. 
Given that the size of a scFv library often limits the diversity 



wo 97/20078 PCTAJS96/19256 

of potential scFv sequences, it is typically desirable to use 
scFv libraries of as large a size as possible. The time and 
economic considerations of generating a number of very large 
polysome scFv-display libraries can become prohibitive. To avoid 
this substantial problem, multiple predetermined. epitope species 
(receptor species) can be concomitantly screened in a single 
library, or sequential screening, against a number of epitope 
species can be used. In one variation, multiple target epitope 
species, each encoded on a separate bead (or subset of beads) , 
can be mixed and incubated with a polysome-display scFv library 
under suitable binding conditions. The collection of beads, 
comprising multiple epitope species, can then be used to isolate, 
by affinity selection, scFv library men\bers. . Generally, 
subsequent affinity screening rounds can include the same nixture 
of beads, subsers thereof, or, beads containing only one or two 
individual epitope species. This approach affords efficient 
screening, and is compatible with laboratory automation, batch 
processing, and high throughput screening methods, 

A variety of techniques - can be used in the present 
invention to diversify a peptide library or single-chain antibody 
library, or to diversify, prior to or concomitant with shuffling, 
around variable segment peptides or V.^, V^, or CDRs found in. . 
earlv rounds of panning to have sufficient binding activity to 
the credetermined macromoiecule or epitope. In one approach, the ^ 
Dositive selected peptide/polynucleotide- complexes (those 
identified in an early round of affinity enrichment) are 
sequenced to determine the identity of the active peptides. 
Oligonucleotides are then synthesized' based on these active 
peptide sequences, employing a low level of all bases 
incorporated at each step to produce slight variations of the 
primary oligonucleotide sequences.. This mixture of (slightly) 
degenerate oligonucleotides is then cloned into *the variable 
segment , sequences at the .appropriate locations. This method 
produces systematic, controlled variations of the starting 
peptide sequences, which can then he. shuffled. It requires, 
however, that individual positive nascent peptide/polynucleotide 
complexes be sequenced before mutagenesis, and thus is useful for 
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expanding the diversity of small numbers of recovered complexes 
. and selecting variants having higher binding affinity and/or 
higher binding specificity. In- a variation, mutagenic PGR 
amplification of positive selected peptide/polynucleotide 
■5 'complexes (especially of . the' 'variable region, sequences, the 
amplification products of which are shuffled in vitro and/or in 
vivo and one or more additional rounds of screening is done prior 
to - sequencing . The same • general approach can . be employed with 
single-chain antibodies in order to expand the diversity and 

10 enhance the .binding affinity/specificity, typically ^by . 
diversifying CDRs, or adjacent framework regions prior to or 
concomitant with shuffling. If desired, shuffling reactions can 
• be spiked with mutagenic oligonucleotides capable of ir\ vitro ■ 
recombination with .the selected library ner^bers. Thus, fixtures 

15 of synthetic oligonucleotides and ?CR fragments (synthesized by 
error-prone or high-fidelity r.ethods).. can be added to the in 
vitro shuffling nix and be incorporated into resulting shuffled 
library members (shuf f lants) . 

The present invention of shuffling enables the 

20' generation of a ^vast library of CDR-variant single-chain 
antibodies. One way to generate .such antibodies is to insert • 
synthetic CDRs into .the ' single-chain antibody -and/or . CDR 
randomization prior to or concoriitant with shuffling. The 
sequences of . the synthetic CDR cassettes are selected by 

2 5 referring to known sequence data cf human CDR and are selected 
- 'in the discretion of the practitioner according to the following ' 
guidelines: synthetic CDRs will have at least 40 percent 
.positional sequence identity to known CDR sequences, and 
preferably will have at least 50 to 70 percent positional 

30 sequence identity to known" CDR sequences. .For example; ,a 
collection of synthetic CDR sequences can be generated by 
synthesizing a collection of oligonucleotide sequences on the 
basis of naturally-occurring human CDR sequences listed in Rabat 
et al. (1991^ OP. cit . ; the pool(s) of synthetic CDR, sequences are 

35 calculated to encode CDR peptide sequences having at least 40 
percent sequence identity to et least one known naturally- 
occurring human CDR sequence. Alternatively, a collection of 
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naturally-occurring CDR sequences may be compared to generate 
consensus sequences so that amino acids- used at a ; residue 
position frequently (i.e,, in at least 5 percent of known CDR 
sequences) are incorporated into the synthetic CDRs at the 
5 corresponding position (s.) . Typically, several (e,g,, 3 to about 
50) known CDR sequences are compared and observed natural 
sequence variations between the known CDRs. are tabulated, and a 
collection of oligonucleotides encoding CDR peptide sequences 
encompassing . all or most permutations of the observed natural 

10 sequence variations is synthesized. For example- but not for 
limitation, if a collection of human V^. CDR sequences have 
carboxy-terminal amino acids which are either Ty'r, Val, Phe, or 
Asp, then the poolfs) of synthetic CDR oligonucleotide sequences 
are designed to allow the carboxy-terminal CDR residue to be any 

15 of these amino acids. In some er.boaimenrs , residues other than 
those' which naturaliy-occur a" a residue position' in ^he 
collection of CDR sequences -are incorporated: conservative amino 
acid substitutions are frequently incorporated and up 'to, 5,,, 
residue positions nay be varied to incorporate non-conservative^^ 

20 amino acid substitutions as compared to known naturally-occurrinig 
CDR sequences. Such CDR sequences can, be used in primary, 

library members (prior to first round screening) and/or can be.^, 
■ used to spike in vitro shuffiini* reactions of selected library, 
member sequences. Construction of such pools of defined and/or.^^^ 

2'5 degenerate sequences will be readily accomplished by those of . 
ordinary -skill ,in the art. 

The collection of synthetic CDR sequences comprises at 

, ' ■ least one member that is not known to be a naturally-occurring 
CDR' sequence . It is- within the discretion of the practitioner 

30 to include or not include a portion of random or pseudorandom 
sequence corresponding to N region- addition in the heavy chain 
CDR; the N region sequence ranges from 1 nucleotide to about' 4 
' nucleotides occurring at V-D and D-J junctions. A .collection of- 
synthetic heavy chain CDR-sequences^ comprises at least about 100 

3.5 unique CDR sequences, typically at least about 1,000 unique CDR 
sequences, preferably at least about 10,000 unique CDR sequences,' 
frequently, more than 50,000 unique CDR sequences; however, 
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usually not more than about '1 x 10^ unique CDR sequences are 
included in the collection, although occasionally 1 x lo"^ to 1 
X 10® unique CDR sequences are. present, especially if 
conservative amino acid substitutions are permitted at positions 
where the conservative amino acid substituent is not present or 
is ' rare (i,e. , less than 0,1 percent) in that position in 
naturally-occurring human CDRs, In general, the number' of unique 
CDR sequences included in a library generally should. not exceed 
the- expected number of . primary transformants in the library^ by 
more' than a factor of 10.. Such single-chain antibodies generally 
bihd'to a predetermined antigen (e.g., the immun'ogen) with .an 
affinity of about.' at least 1 x 10*' M"', preferably, -with an 
affinity of about at'least'S x lO' M"*; more preferably /with an 
affinity of at least 1 x' 10^ M"^ to 1 x 10^ M"* or more, sometimes' 
up' to' I >: IQ-^^M^^ or more.. Frequently^ the predetermined 
antigen' is .a human protein,' such, as 'for example a ' hunian cell 
surface 'antigen (e.g., CD-; , ' CD3 , IL-2 'receptor, EG? receptor, 
' PDGF receptor), other , human- biological macromolecuie ( e . g . , 
'thrombomodulin, prorein 'C, carbohydrate antigen, sialyl Lewis 
antigen, L-selectin) , or nor.hurr.an disease ' associated 
macroir.o-lecule -(e.g. , bacreri.al LPS, virion ' capsid protein, or 
envelope glycoprotein) and the like. 

' High affin'itiv -single-chain antibodies of the desired 
specif icitv can be engineered, and . expressed in. a ' variety of 
systems. For example, scFv have been produced in plants (Firek 
et al. {-ISSj) Plant Mol. Biol. 21*. ■ 351) and can be readily made 
■in prokaryotic systems (Owens RJ and Ypung RJ (1994) J. Immunol. 
Meth. 163 : 149 ; , Johnson S and* Bird RE (1991) Methods. Enzymol, ; 
. 2 03 : 88 ). Furthermore,' the, single-chain antibodies can be' used, 
as a -basis' for ;constructingwhol_e antibodies or various fragments, 
thereof' (Kett leborough et al, (1994) Eur. J. Immunol. 24: 952) 
The variable region encoding sequence may be isolated (e.g.,; by 
PGR amplification or subclonmg) and spliced to a sequence- 
encoding a desired huir^an constant region to encode a human 
sequence antibody more suitable for human therapeutic uses where 
immunogenicity is preferably minimized. The polynucleotide ( s) 
having the resultant fully human encoding sequence(s) can be 
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immunoglobulin polypeptides of the , invention can be purified 
according to standard procedures of the art, including ainmonium 
sulfate precipitation, fraction column chromatography, gel 
electrophoresis and the like ( see , generally . Scopes, R. , Protein 
Purification . Springer-Verlag, -K.Y. (1982)). Once purified, 
partially or to homogeneity as desired, the polypeptides may then 
be used therapeutically or in developing and performing assay 
procedures, immunof luorescent stainings, and the like ( see . 
generally . Immunological Methods . Vols. .1 and II, Eds. Lefkovits 
and Pernis, Academic Press, New York, N.Y. (1979 and 1981)). 

The antibodies generated. by the method of the present 
invention can be used for diagnosis and therapy. By way of 
illustration and not limitation, they can be used to treat 
cancer, autoimmune diseases, or viral infections, -For treatment 
of cancer, the antibodies will typically bind to an antigen 
expressed preferentially on cancer cells, such as erb3-2, C£A, 
CD33, and many other antigens and binding members well knovn zo 
those skilled in the art. 

Yeast T-^'o-Hvbr id Screening Assavs 
Shuffling can also be used to recomipinaroria i ly 
diversify a pool of selected library members obtained by 
screening a two-hybrid screening' syst'em to identify .library 
members which bind a predetermiined polypeptide' sequence. The 
selected library members are pooled and shuffled by iri vitro 
and/or rn vivo recombination'. - The shuffled pool can then be' 
screened in a yeast two hybrid system to select library members 
which bind said predeterriined polypeptide sequence (e.g. , and SH2 
domain) or which bind an alternate predetermined polypeptide 
sequence (e.g., an SH2 domain from another prote-in species). 

An approach to identifying polypeptide sequences which 
bind to a predetermined polypeptide sequence has been to use. a 
so-called "two-hybrid" system wherein the predetermined 
polypeptide sequence is present in a fusion protein (Chien et al. 
(1991) Proc. Natl. Acad. Sci. fUSA) 88 : .9578). .This approach 
identifies protein-protein interactions in vivo , through 
reconstitution of a transcriptional activator (Fields S and Song 
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0 (1989) Nature 340 : 245), the yeast Gal4 ■ transcription' protein . 
Typically, the method is based on the properties of the yeast 
Gal4, protein, which consists of separable domains responsible for 
DNA-binding and transcriptional i-activation . .Polynucleotides 
' 5 encoding two hybrid prote:Lns, one consisting, of the . yeast Gal4 

■ DNA-binding domain fused to a polypeptide sequence' of a known . 
protein and the other consisting of the^'Gal4 activation domain 
fused to a polypeptide sequence of' a second protein, are 
constructed and introduc'ed into a yeast host cell. 

10 Intermolecular binding between the two fusion ^ proteins 

■ reconstitutes the G'al4 DNA-binding ' domain with the , Gal4 
activation domain, which leads to the transcriptional activation 
of a "reporter gene (e.g., lacZ , r!IS3) which is operabiy linked 
to*a Gal-i binding site. Typically, the two-hybrid method is used 

15 to identify r.oyel polypeptide sequences which interact with a* 
known protein (Silver SC and Hunt SW ( 1993 ) Mol . Biol . Reo. 17 : 
155; Du-rfee et ai.'(199 3 ) Genes Devel. 7; 555; Yanget al. (1992) " 
Science 257 : 630; Lu.ban et all (199'jy Cell 7 3 : L057 ; Hardy et,al. 
( 19 9 2 ). Genes Deve 1 . S; 301,\ 3ar.:tel et al. (19.9-3) Biotechnicues 
20 1A-: 920; and Vojte:-:; et al. (1953') Cell 74 : 205). However, 
• ...variations of the tw-o-hybrid 'nethod have 'been 'used to identify' \^ 
mutations of a' known prote.i.n that affect ;its binding to a; second 
known protein (Li 3 and Fields S ^ ( 19-9 3 ) ' F A5E3- J . 2- 957; ,Lalo'et 
al, ( 1993 ) . Proc. y^'atl. Acad. Sci. ( uS A V . 90 : 5 52^4 ; Jackson et al. 
25 ( 1993 ) Moi . .Cell . .3iol.:. 13 ; 2399; and Madura et ' al : . ( 1993 ) ■ ; ■ 
3ioi . Chen . 26S : 1204 6 ) . ' T-r,'o-hybrid systems .have also been used 
to identifv inter act ing - structure 1 domains of two 'known^ proteins 
(Bardwell et al. ( 1993 ) med . Microbiol . 8 : 1 17 7 ; Ghakraborty et 
al. ( 1992) J. 3'iol.. Chem. 267: .17493; Staudinger et-al; -(l^^B) 
30 J. 5iol. Chem. 263 : 4 608 ; ''and Milne GT and Weaver DT (1993 ) Genes , v 
• Devel . 7; 1755) or dom.ains responsible for. ol igome'r izat ion of a 
single protein, (Iwabuchi et al. (1993) Qncbqene 8; 1693; Bogerd "/ 
et al. (1993) J . Virol . 67 : 5030). Variations of two-hybrid 
systems have been used to study the in vivo activity of a 
35 proteolytic enzyme ( Dasmahapatr a et al . f 1992r Proc . Natl. Acad. 
Sci. fUSA) 89 : 4 159). Alternatively, an. E. col i/ BCC?* interact ive 
screening system (Germino et al. (1993) Proc. Natl. Acad. Sci. 

SO ' 
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expressed in a host cell (e.g., from an expression vector in a 
mammalian ceil) and purified for pharmaceutical formulation. 

, The DNA expression constructs will typically include 
an expression control DNA sequence operably linked to the coding 
5 sequences, including naturally-associated or heterologous 
promoter regions. Preferably, the expression control sequences 
will be eukaryotic promoter systems . in vectors capable of 
transforming or transfecting eukaryotic host cells. Once the 
vector has been incorporated into the appropriate host, the host 
10 ismaintained under conditions suitable for high level expression 
of, the nucleotide sequences, and the collection and purification 
of the mutant "engineered" antibodies. 

As stated previously, the DNA sequences will be 
•expressed in hosts-after the sequences have been operably linked 
15 to an expression control sequence (i.e., positioned to ensure the 
transcripr ion ana translation of the structural gene) . These 
expression vectors are typically repiicable in the host organisms 
either as epi screes or as an integral part of the host ch ror:Osomal 
DNA. Coaimonly, expressior. vectors will contain selection 
20 markers, e.g. . tetracycline or necrr.ycin, to pernit detection of 
those cells transformed with the desired DNA sequences d s e e , 
e.g. , U.S. Patent 4,704,362, which is incorporated herein by 
reference) . 

In addition to eukaryotic r.icroorganisns such as yeast, 
2 5 maruTialian tissue cell culture nay also be used to produce the, 
polypeptides of the present invention (see, Winnacker, "From 
Genes to Clones," VCH Publishers, N.Y., N.Y. (1987), which is 
incorporated herein by reference) . . Eukaryotic cells are actually, 
preferred, because a nuniber of suitable host cell lines capable 
30- of secreting intact imr;UnoQlobulins have been developed in the 
art, and include the CHO cell lines, various COS cell lines, HeLa 
cells', myeloma cell lines, etc, but preferably transformed B-- 
^ -cells or hybridomas. Expression vectors for these cells can 
include expression control sequences, such as an. origin , of 
35 replication, a promoter, an enhancer (Queen et ai'. ( 1986) 
Immunol. Rev. 39 : 49), and necessary processing information 
sites, such as ribosome ■ binding sites, RKA splice sites, 
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■ polya'denylation sites, and transcriptional terminator sequences. 
Preferred expression control sequences are pro'moters ,^.erived from 
iitununoglobulin genes, cytomegalovirus, SV40, Adenovirus , Bovine 
Papilloma Virus, and the like. . 

Eukaryotic DNA' transcription can be increased by 
inserting an enhancer sequence into the* vector. Enhancers are 
eis-acting sequences of between 10 to 300bp that increase 
transcription by a promoter. Enhancers can effectively increase 
transcription when either 5 ' or 3 ' to the transcription unit. 
They are also effective if located within an intron or within the 
coding sequence itself. Typically, viral enhancers are used, 
including SV4 0 enhancers, cytomegalovirus enhancers, polyoma 
enhancers, and adenovirus enhancers. Enhancer sequences' from 
marrjnalian systems are also cc-r?.only used, such as the mouse 
imuT;Unoglobulin hea^'V chain enhancer. ' ■ ■ 

Mammalian expression ••/ectior systems will also typically 
include a selectable' marker gene. Examples of suitable r.arkers 
include, the dihydrof ola te reductase gene (.DHFR) , the thym.adine 
kinase gene (TK) , or prokaryotic genes conferring drug 
resistance. The first two marker genes prefer the use of mutant 
cell lines that lack the ability to grow without' the addition of 
th^/midine to the growth medium. Transformed 'cells can then - be 
identified bv their ability to grow on non-supplemented media. 
Examples of prokaryotic drug resistance genes useful as markers, 
include aenes conferring resistance to G^lc, mycophenolic acid 

and hygrom.ycin. 

The vectors containing the DMA segments of interest can 
be transferred into the host cell by well-known methods, . 
deuending on the. type ' of cellular host. For example, calcium, 
chloride transf ectidn* is cbmjnonly utilized for prokaryotic cells, 
whereas* calcium. phosphate treatment. lipofection, or 
electroporation may . be used for other cellular hosts. Other 
■methods used to transform mammalian cells include the use of 
Polybrene, protoplast" fusion, liposomes, electroporation, and 
microinjection (see, generally . Sambrook et al., sunra ) . 

Once expressed, the antibodies, individual mutated 
immunoglobulin chains, mutated antibody fragments, and other 
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ru,S. A. ) 90: 9.33 ; Guarente L (1993) Proc. Natl. Acad, Sci. 

ru. S, A. ) 90 : 1639). can be used to identify interacting protein 
sequences (i.e., protein sequences which' heterodiinerize or form 
higher order heteromultimers) . -.Sequences selected by a two- 
5 hybrid systen can be pooled and shuffled and introduced into a 
two-hybrid system for one or more subsequent rounds of screening 
to identify polypeptide sequences which bind to the hybrid 
containing the predetermined binding sequence. ■ The sequences 
thus identified can be compared to identify consensus sequence (s) 
10 and consensus sequence kernals. 

Improvements /Alternative Formats 
Additives . 

In one aspect, the improved shuffling method includes 
15 the addition of at least one additive which enhances the rate or 
extent of reannealing or recombination of re la ted -sequence 
polynucleotides. In general, additives which increase hybrid^ 
stabilitv of mismatched sequences can be used to enhance the^ 
frequency of generating substantially mutated 1 ibrary ' members 
20 (i.e., having a greater mutational density). In addition to 

additives, modulation of the ionic strength ,(e.g., Na* and/or K"*" . 

■ 

ion concentration) can modulate the relative stability of 
mismatched hybrids, 'such that increased salt concentration can 
increa'se the frecuenc/ of mismatched hybrids and contribute to," 

2 5 form.ation o'f library members having m.ultiple mutations. 

In an embodiment, the additive is polyethylene glycol 
(PEC), typically added to a 'shuffling reaction to a final 
concentration of 0 . 1 to 25 percent, often to a final 
concentration of 2. 5 to 15 percent,: to a final concentration of 

30 about 10 percent. In an embodiment, the additive is dextran 
sulfate, typically added to a shuffling reaction to a final 
concentration of '0.1 to 25' percent,' often at about 10 percent.. 
In an embodiment, the additive is an agent which reduces sequence 
specificity of reannealing and promotes promiscuous hybridization 

35 and/or recombination in vitro . In an alternative embodiment, the 
additive is an agent which increases sequence specificity of 
reannealing and promotes, -high fidelity hybridization and/or 

. . S-l' 
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recombination iji vitro. Other long-chain polymers which do not 
interfere with the reaction may also be. used (e.g.., 
polyvinylpyrrolidone, etc.). 

In one aspect, the improved shuffling method includes 
5 the addition, of ■ at least* one additive which is a, cationic 
.detergent. Examples of suitable cationic ' detergents include but 
are not limited to: cetyltrimethylammonium .. bromide (CTAB) , 
dodecyltrimethylammonium bromide (DTAB) , and tetramethylammonium 
chloride (TMAC) , and the like. 
10 " In one aspect, the improved shuffling method includes 

' the addition of. at least one additive which is a recombinogenic 
protein that catalzyes or non-catalytically enhances homologous 
pairing and/or strand exchange vitro . Examples of suitable 
recombinogenic proteins * include but are not limited 'to: E. coli 
15 " recA pr6tein> th'e T-; uvsX protein; the reel protein from Ustilago 
maydis, other recA. family recombinases from ether' species, single 
strand binding protein (SSB) , r ibcr.ucleoprotein. Al , and the like. 
, Nucleases and. proofreading po Ivor.erases are * of ten included ^to 
"improve the Tiaintenance of 3 ' end integrity. _ Each of these 
20. protein additives can themselves be iMprovec by multiple -rounds 
.of recurs ive V sequence recombination and selection and/or 
screening-. The invention er.braGes' such' improved 'additives''and 
their use to further enhance shuffl^ihg. 

25 P.ecombinase Proteins 

. Recpr.binases are proteins that, when included with an 

exogenous targeting polynucleotide,, provide a. measurable increase 
■ in the; recombination frequency and/or localization frequency 
between* the .targeting . polynucleotide -and an endogenous 

30 , predetermined DNA sequence. In the present ' .rnvehtiohV . 

recombinase refers to a family of RecA-like recombination 
proteins all having essentially all or most of the same 
functions, particularly: (i) the recombinase protein 's' abil ity 
to properly bind to and position targeting polynucleotides on 

35 their homologous targets and (ii) the ability of recombinase 
protein/ targeting polynucleotide complexes to efficiently find 
and bind to complementary endogenous sequences. The best 

o2' 
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' characterized recA protein is fron £. colir in addition to the 
wild-type protein a number of mutant recA-like proteins have been 
identified (e.g., recA803) . Further, many organisms have recA- 
like recombinases with strand-transfer activities (e.g. , Fugisawa 
5 et al., (1985) Nucl. Acids Res. 13: 7473; Hsieh et al . , (1986) 
Cell 44: 885; Hsieh et al., (1989) J. Biol. Chem. 264.: 5089; 
Fishel et al., (1988) Proc. Natl. Acad. Sci . USA 85: 3683 ; 
Cassuto et al., (1987) Mol. Gen. Genet. 208: 10; Ganea et al., 
(1987) Mol. Cell Biol. 7: 3124; Moore et al., (1990) J. Biol. 

10 Chem. 19: 11108; Keene et al. , (1984) Nucl. Acids Res. 12: 3057; 
Kimiec, (1984) Cold Soring Harbor Symo. 48.:675; Kimeic, (1986) 
Cell 44 : 545; Kolodner et al., fl9S71 Proc. Natl. Acad. Sci. USA 
84. :5560; Sugino et al., (1935) Proc. Natl. Acad. Sci. USA 85: 
3683 ; Halbrook et al., ( 1939) J. 3iol. Cher.. 164: 21403 ; Eisen 

15 et al,, (1983) Proc/ Natl. Acad. Sci. USA 35: 7431; McCarthy et 
al., ( 1988) Proc. Natl. Acad. Sci . USA 85 : 5S5-;; Lowenhaupt et 
al., (1989) J. Biol. Chen. 2 5 4 : 20563, which are incorporated 
herein bv reference. Examples cf such recor.binase proteins 
include, for exarr.pie but not limitation: recA, recAS03, uvsX, and 

2G other recA mutants and recA-like recombinases (Roca, A.I. (1990) 
Crit. Rev. Biocher.. Molec. 5ioi. 2 5 : 415) , seol (Kolodner et al. 
(1937) Proc. Natl. Acad. Sci. ('U.S.A. ^ 84*" 5 5 6 0 ; •' Tishkof f et al. 
Molec. Cell. Biol. 11 : 2593), RuvC (Dunderdale et al. (1991) 
Nature 354 : 506), DST2 , K£M1, XKtn (Dykstra et al. (1991) Molec. ' 

25 Cell. Biol. 11 : 2533), STPa/DSTl (Clark et al, (1991) Molec . 
Cell. Biol, il: 2576), H??-l (Moore et al. (1991) Proc. Natl. 
Acad . Sci . f U . S . A . ) 3 8 : 9067 ), other eukaryotic reconbinases 
■ (Bishop et al. (1992) Cell 69 : 439; Shinohara et al. (1992) Cell 
69 : 467) ; incorporated herein by reference. RecA may be purified 

30 froTT^ Z. coll strains, such as E. coli strains JC12772 and 
■ JC15369 (available fron\ A.J. Clark and M. Madiraju, University 
of California-Berkeley) . These strains contain the recA coding 
sequences on a "runaway" replicating plasmid vector present at 
a high copy nunber per cell. The recA803 'protein is a high- 

35 activity mutant of wild-type recA. The art teaches several 
examples of reconbinase proteins, for example, from Drosophila, 
yeast, plant,, human, and non-human mammalian cells, including 
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. proteins with biological properties similar to recA (i.e^, recA- 
like recombinases) . 

RecA protein is typically obtained from bacterial 
strains that overproduce the protein: wild-type E . coli recA 
protein and mutant recA803 protein may be purified from- such 
strains. Alternatively, recA protein can also be purchased from, 
for example, Pharmacia (Piscataway , NJ) . 

RecA protein forms a nucleoprotein filament when it 
coats a single-stranded DNA. In this nucleoprotein filament, one 
monomer of recA protein is bound to about 3 nucleotides. This 
property of recA to coat single-stranded DNA is essentially 
sequence independent, although particular sequences favor initial' 
loading of recX' onto a polynucleotide (e.g., nucleation 
sequences).' The nucleoprotein filar.ent(s) can be " ferried on ■ 
esseririallv any sequence -re iated polypeptide to :be-.suffled and 
can be "forrr;ed in cells (e.g., bacterial, yea.st, or mam-ialian 
cells), forr.ing complexes with both single-stranded and double- 
stranded' DK A . ■ ■ ■ 

Site-specific "-^cor.bina t.ion can be used to acco-plish 
recursive secuence r ecor.bina t i on . Typically, sequences to be 
shuffled are 'flanked by one or -ore site-specific recombination 
sequences, such as ;for exa-pie a FL? recombination target site 
(FRT) often consisting of the two inverted 13- base repeats and 
an 3 bp spacer (O'.Gorr.an et al.- (1991) Science 2 51 : 135L; Parsons 
et al. ( 1990 ) J. Biol. Che". 2 65 : ' 4 52 7,; Amin et al,. (1991) ViO 1 . 
Cell . Biol ; 1 1 : 4497-, incorporated herein by reference). When 
FRT sequences are employed, the FLP recombinase is- typically also 
emploved, either in vitro or expressed in a host cell -wherein the 
sequences to be recombined are introduced or are already present. 
Alternatives' to the FLP/FRT system include, bur are not limited ■ 
to, the cre/lox system of phage ?1 ' (Hoess and Abremski ( 1935) J ■ 
Mol. Biol. 181 : 351), the y/c resolvase (Steitz et al. (1990) 
Quarter Iv Rev. Biophvs. 23 : 205) , the attB/attP system of X 
(Nunes-Duby et al. ( 1987 ) Cel 1 .50 : 779), and like site-specific 
recombination systems from bacteriophages X; 080, P22 , P2 , P4 , 
Pi, and other like site-specific recombination systems selected 
by the practioner. Guidance regarding the integrase family of 
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recombinases is found in Argos ' et al. (1986) EMBO J. .5: 433, 
incorporated herein by. reference. • 

Exonuclease ■ ^ 

In one aspect, the improved shuffling method includes 
the addition of at least one additive which is an enzyme having 
an exonuclease activity which is active at removing non-templated 
nucleotides introduced at 3 ' ends of product polynucleotides in 
shuffling amplification reactions catalyzed by a non-proofreading 
polymerase." An examples of a suitable enzyme having an 
exonuclease activity includes but is not limited to Pfu 
polymerase. Examples of exonucleases are: 
Bal31 

Bacteriophage Lar.bda exonuclease 
£, coli Exonuclease I 
E. coli Exonuclease III 
E. coli Exonuclease VII 
Bacteriophage T7 gene 5. 

Stuttering 

In an aspec:: , ■ rhe ir.proved shuffling merhod comprises 
the modification wherein at ieasr one cycle of amplification 
(i.e., extension wirn a polymerase) of reannealed fragmented 
library member polynucleotides is conducted under conditions 
which produce a substantial fraction, typically at least 20 
oercent or m.ore, of incom^pletely extended amplification products. 
The amplification products, including the incompletely extended 
amplification products are denatured and subjected to at least 
one additional cycle of reannealing and am.plif icat ion . This 
variation, wherein at least one cycle of reannealing and 
amplification -provides a substantial fraction of incompletely 
extended products, is termed "stuttering" and in the subsequent 
amplification round . the . incompletely extended products reahneal 
to and prime , extension on different sequence-related template 
species. 

In an aspect, the im.proved shuffling method comprises 
the modification wherein at least one cycle of amplification is 
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conducted using a collection of overlapping, single-stranded DNA 
fragments . ' of varying lengths corresponding to a first 
polynucleotide species or set of related-sequence polynucleotide 
species, wherein each overlapping fragment can each hybridize to 
5 and prime polynucleotide chain/ extension from a, second 
polynucleotide species serving as , a template, thus forming 
sequence-recombined polynucleotides, wherein said seguence- 
recombined polynucleotides comprise a portion of at least one 
first polynucleotide species with an adjacent portion of the 

10 second, polynucleotide species which serves as a', template. In a 
variation, , the second , polynucleotide species serving as a 
template contains uracil (i.e., a Kunkel-type template) and is 
substantially non-replicable in cells. This aspect -of the 
invention can also co-prise az least two recursive cycles of this 

15 .variation. In one en^bodi~enc' , .recursive cycles of ' shuffling 
using the rr^ethod of Levitchkin et al\ ( 1995) M o 1 . 3 io I . 2 9: 572 . 
which produces, partial extensio" PGR fragments is used ' t:o 
generate chirr.eras frorr. a pool of, parental sequences which are 
recursively shuffled. 

20 ■ ' ^ In an aspect, the improved shuffling -ethod comprises 

the nodificarion wherein at least one cycle of amplification is 
conducted with an additive or polyrrierase in suitable conditions 
which promote template switching. In^ an embodiment where Taq . 
polymerase is employed for am.pl i f icatdon , addition of recA or 

2 5 other polv'merases enh.ances- template switching. Tem.plate- 

switching can also be increased by increasing the DNA template 
concentration, am.ong other means known by those skilled , in the 
, art. 

In an em.bodiment , of the general method, libraries of 

3 0 sequehce-recdribine.d polynucleotides are generated f rom'.sequence-' 

related polynucleotides which are naturally-occurring genes or 
alleles of a gene. In this aspect, at least three naturally- 
occurring genes and/or alleles which comprise regions of at least 
50 consecutive nucleotides v.'hich have ■ at least 70 percent 
35 sequence identity, prefereably at least 90* percent sequence 
identity, are selected from a pool of gene sequences, such as by 
hybrid selection or via computerized sequence analysis using 



wo 97/20078 



PCT/US96/19256 



sequence data from a database. The selected sequences are- 
obtained as polynucleotides, either by cloning or via DNA 
synthesis, and shuffled by any of tha various embodiments of. the 

invention. ' 

In an embodiment of the invention, the method comprises 
the further step of removing non-shuffled products, (e.g., 
parental sequences) from sequence-recombined polynucleotides 
produced by any of the disclosed shuffling methods. Non-shuffled 
products can be removed or avoided by performing amplification 
with: (1) a first PCR primer which hybridizes to a ' first 
parental polynucleotide species but does not substantially 
hybridize to a second parental polynucleotide species, and (2) 
a second PCR primer . which hybridizes to a second parental 
polynucleotide species but does ^not substantially hybridize to 
the first parental polynucleotide species, such that 
amplification occurs on iron ter.plates comprising the portion- of^ 
the first parental sequence which hybridizes to the first PCR, 
primer arid also comprising the portion of the second parental, 
sequence which hybridizes to the second PGR primer, thus only, 
sequence-recombined polynucleotides are amplified. 

' In an embodiment of the invention, "bridging" genes car}, 
be synthesized. If two or more parental polynucelotides (e.g., 
genes) lack satisfactory sequence similarity for efficient 
homologous recombination or for efficient cross-priming for PCIJ 
amplification, intermediate (or "bridging") genes can be 
synthesized which share sufficient sequence identity with the 
parental sequences. The bridging gene need not be active or 
confer a phenotype or selectable property, it need only provide 
a template having sufficient sequence identity to accomplish 
shuffling of the parental sequences. The intermediate homology 
of. the bridging gene, and the necessary sequence(s) can be 
determined by computer or manually. 

The invention also provides, additional formats for 
performing recursive recombination in vivo, either in procaryotic 
or eucaryotic cells. These formats include recombination between 
plasmids, recombination between viruses, recombination between 
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plasinid and virus, recombination between a chromosonie and plasmid 
or virus and intramolecular recombination (e.g.,, between two 
sequences on a' plasmid). , Recursive, recombination / can be 
performed entirely in vivo whereby successive rounds of in vivo 
■ 5 recombination are interspersed by rounds . of selection or 
screening. In vivo formats can also be used in combination with 
in- vitro formats. For example, one can perform one xound of^ in 
vitro shuffling,, a round of selection,' a round of .in vivo 
shuffling, a 'furth.er round of selection, a further round of in 
_ 10 vitro shuf f ling^and a further round of selection and .so forth.. 
The various in'vivo formats are now considered in^ turn. 

fa) Plasmid-Plasm'id' Reco-binat ion 
■ . The initial 'substrates for recombination are a collection. 

15 .'of. polynucleo uides cor.prising 'variant forr^s' of a gene. .The 
variant, forr^s usually ..show subs tantial sequence identity to each 
other sufficient to allov hc~'o logo-us recombi^nat ion' between 
substrates."' The ■ d ivers i t-y between .the polynucleotides can be 
natural (e^g.,- al-lelic or 'species variants^, induced (e.g.", 

20 error-prone. ' PGR , synt.hetic genes, codon-usage altered sequence 
variant's) or the result:, of In vitro recombination; ^ There, should ' 
be at '.least sufficient diversity between substrates that' 
recombination can generate nore d-ivers^e products than there are 
starting materials. There, must be at least, two ■ substrates 

25 differing in at least two positions. However', comjrvonly library 
of substrates of 10 -^-10^ members is em.ployed. The ■ degree of 
diversity depends on the length of the substrate being recombined 
and, the extent of the functional change to be evolved. Diversity 
at between 0.1-25% of positions is typical. . ^ . 

3d The diverse substrates are incorporated -into plasmids . The 

plasmdds are often standard cloning' vectors, e .g bacterial 
■ multicopy plasmids. However, in some methods to be described 
below, the plasmids include MOB functions. .The substrates can 
be incorporated into the same or different plasmids. Often at 

35 least two different types of plasmid having different types of 
selection marker are used to allow selection for cells containing 
at least two types of vector. Also, where different types' of 
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plasmid are employed, the different plasmids can come from two 
distinct incoinpatibility groups to allow stable co-existence of 
two different plasmids within the cell. Nevertheless, plasmids 
■ from the same incompatibility group can still co-exist within the" 
5 same cell for sufficient time to allow homologous recombination 
to occur. 

Plasmids containing diverse substrates are initially 
introduced into cells by any transfection methods (e.g., chemical 
transformation, natural competence, transduction, electroporation 
10 or biolistics) . Often, the plasmids are present at or near 
saturating concentration (with respect to maximum transfection 
capacity) to increase the probability of more than one plasmid 
entering the same cell. 

The plasmids containing the various substrates can be transfected 

15 simultaneously or in multiple rounds, "or exar.ple, in the latter 
approach cells can be transfected with a first aliquot of 
plasmid, transf ectants selected and propagated, and then infected 
with a second aliquot of plasr.id. 

Having introduced the piss-ids into ceils, recombination 

20 between substrates to generate reccr.binant genes occurs within 
cells containing multiple different plasmids merely by 
propagating the cells. However, cells that receive only one 
plasmid are less able to participate in recombination and the 
potential contribution of substrates on such plasmids to 

25 evolution is wasted. The rate of evolution can be increased by 
allowing all substrates to participate in recombination. Such 
can be achieved by subjecting transfected cells to 
electroporation. The conditions for electroporation are the same 
as those conventionally used for introducing exogenous DNA into 

30 cells (e.g., 1,000-2,500 volts, 400 and a' 1-2 mM gap). Under 
these conditions, plasmids are exchanged between cells allowing 
all substrates to participate in recombination. In" addition the 
products of recombination can undergo further rounds of 
recombination with .each other, or with the original substrate. 
35 The rate of evolution can also be increased by use of conjugative 
.transfer. To exploit conjugative transfer, substrates can be 
cloned .into plasmids having MOB genes and tra genes are also 
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provided in cis or in trans to the MOB genes. The effect of 
conjugative '.transfer is very similar to electroporation in that 
it allows plasmids to move, between cells and allows recombination 
* between any substrate , and' the products' of previous recombination 
5 to'occur* merely by propagating the culture. The details of how 
conjugative transfer is. exploited in these vectors are discussed 
' in ■ more detail below. The rate of evolution, can also be 
increased by 'use of mutator host cells (e.g., Mut. L, S/ T, .H; 
human ataxia, telengiectasia cells). 
' 10 The time for which cells are propagated and /recombination 

*is allowed to occur, of course, varies with the cell type but is 
generally not critical, because, even a small .degree of 
recombination ' can substantially increase diversity relative to 
,the. "starting materials. Cells 'bearing plasmids containing 
■15 recombined genes are subject -to screening or selection for a 
desired function. For example, if the substrate , 'being evolved 
■ contains^ a drug resistance gene. , one would - select f or' ■ drug 
. resistance. Cells surviving 'screening' ' or selection can be 
" subjected to one or -ore rounds c: , screening/select icn. fallowed , 
"20' by recombination or can' be subjected directly to an additional 
■round' of recombination,. , . ■ ^ . ' ■" 

The next round of , reconbinat ion can be achieved by several ■ 
different formats independently of the previous round., 'For ■ 
example, a further round of recombination can be effected simply' 
25- bv resuming the electroporation or con jugat^ion-mediated 
intercellular transfer' of plasmiids described above. 
Alternatively / a fresh substrate or substrates, the .same or 
' . different from previous' substrates , can be transfected into, cells 
surviving selection/screening.' Optionally, the new substrates 
'30 are included in plasmid vectors bearing a different -.selective 
marker and/or from a different incompatibi 1 ity. group ' than the 
original plasmids. As a further alternative, cells, surviving 
selection/screening can be subdivided into two subpopulat ions , 
plasmid DNA extracted from one subpopulation and transfected into 
3 5 the- other, where the substrates from the plasmids from the two 
subpopulations undergo a further" round of recombination. In 
either of the latter two options, the rate of evolution can be 
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increased by employing electroporation , conjugation , or mutator 
cells, as described above. In a still further variation,- DNA 
from cells surviving screening/selection can be extracted and 
subjected to in vitro DNA shuffling. 
5 After the second round of recombination, a second round of 

screening/selection is performed, preferably under conditions of 
increased stringency. If desired, further rounds of 

recombination and selection/screening can.be performed using the 
same strategy as ..for the second round. With successive rounds 

10 of recombination and selection/screening, the surviving 
recombined substrates evolve toward acquisition of a desired 
phenotype. Typically, in this and other methods of in vivo 
recursive recombination, the final product of recombination that 
has acquired the desired phenotype differs from starting 
'15 substrates at 0.1%-25%- of positions and has evolved at a rate, 
orders of magnitude in excess (e.g., by at least 10-fold, 100- 
fold, 1000-fold, or 10,000 zzld) of the rate of naturally .-^ 
acquired mutation of about 1 "Station . per 10"^ positions per ■ 
generation (see Anderson S Hughes, Proc, '^'atl . Acad. Sci . u5A--93 , (V; 

20 906-907 ( 19S5) ) . 

Fig. 25 shows an exe-pleiry scheme of plasmid-plasmid • ,^ 

recombination. Panel A of the figure shows a library of variant '.ri 
genes cloned into a'plasmid. The library is then introduced into 
cells. Some cells take up a single plasnid and other cells.;take ,. ,.,41 

25 up' two plasmids as shown in panel 3. For cells having taken up ' 
two plasmids, the plasnids recombine ro give the products shown 
in panel C. Plasmids can then be transferred between cells by 
electroporation or conjugation as shown m panel D, and further 
recombination can occur to give the products shown in panel E, 

30 Screening/selection then isolates plasmids bearing genes that 
have evolved toward acquisition of the property that 
selection/screening is designed to identify. In the course of 
selection, a cell bearing two plasmids of which* only one 
contributes to the selected phenotype, may lose the other 

35 pla^mid,.as shown in, panel F. . ' , 
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The strategy used for plasmid-plasmid recombination can also, 
be used for virus-plasniid recombination; . usually , phage-plasmid 
recombination. However, some additional comments particular to 
the use of viruses are appropriate. The initial substrates for 
5 recombination are cloned into both plasmid and viral vectors. 
It is usually not critical which substrate (s) are inserted into 
the viral vector and which into the plasmid, although usually the- 
viral vector should contain different substrate (s) from the 
' plasmid. As before, the plasmid typically containsa selective 

10 marker. The plasmid and viral vectors can both be introduced 
into cells by transfection as described above. However, a more 
efficient procedure is to transfect the cells with plasmid, 
select transfectants and infect the^ transfectants with virus. 
Because the efficiency^ of infection of many viruses approaches 

15, 100% of cells, most cells rransfected and infected by this route 
contain both a plasnid and virus bearing different substrates. 

Honolcg.ous recc"binat ion occ'jrs between pi'-asmid^ and virus 
generating both reco-bined plas-ids and recortbined. virus. For 

20 some viruses , such 'as f i 1 ar?.en tous phage, in which intracellular 
DNA exisrs in both double-stranded, and single-stranded form.s, 
both can participate in recombinatiion . Provided that the virus 
is not one that rapidly kil Is ' cells recombination can be' 
augir.ented by-. use of electroporat ion or conjugation to transfer 

25 olasnids between cells. Reco-binat ion can also be augmented for 
sorv.e types of virus by allowing the progeny virus from- one cell ■ 
to reinfect other cells. For some types of virus, -virus 
infected-cells show resistance to" super infection , However, such 
resistance 'can be overcome by infecting at high multiplicity 

30' and/or using mutant strains of the virus in which resistance to 
superinfection is reduced. 

The result of infecting plasmid-containing cells with virus 
depends on the nature of the virus. Some viruses, such as 
filamentous phage, stably exist with a plasmid in the cell and 

35 also, extrude progeny phage from the cell. Other viruses, such 
as lambda having a cosmid genome, stably exist in a cell like 
plasmids without producing progeny virions. Other viruses, such 
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as the T-phage and lytic lambda, undergo recombination with the 
plasmid but ultimately .kill the host cell and destroy plasmid 
DNA. For viruses that infect cells without killing the host, 
cells containing' recombinant 'plasmids and virus can be 
5 screened/selected using the same approach as for 'plasmid-plasmid 
recombination. Progeny virus extruded by cells surviving 
selection/screening can also be collected and used as substrates 
in subsequent rounds of recombination. For viruses that kill 
their host cells, recombinant genes resulting from recombination 
10 reside only in the progeny virus. If the screening or selective 
assay requires expression of recombinant genes in a cell, the 
recombinant ' genes should be transferred from the progeny virus 
to another vector, e.g., a plasmid vector, and retransf ected into 
cells before selection/screening is performed. 
15 For filamentous ohaae, the products of recombination are 

present in both cells sLir\'iving recombination and in phage / 
extruded from these cells. The dual source of recombinant 
products provides some additional options relative to the - 
plasmid-plasmid-recombinatior. . "or example, DN'A can be isolated 
20 from phage particles for use in a round of In vitro 
recombination. Alternatively/ the progeny phage can be used to 
transfect or: infect cells surviving a previous round of 
screening/ select ion , or fresh cells transfected with fresh,; 
substrates for -recombination.' .In * an aspect, the invention;.: 
25 employs recombination between multiple single-stranded species, 
such as single-stranded bacteriophages and/ or ^ phagemids . 

Fig. 27 illustrates a scheme for virus-plasmid 
recomb>ination . Panel'A shows a library of variant forms of gene 
. cloned into plasmid and viral -vectors . ' The plasmids are then 
30 introduced into cells as shown in panel B. The viral genomes are 
packaged in vitro and used to infect the' cells ;in panel B. , The 
viral genomes can undergo replication within the cell, as shown 
in panel C, The viral genomes undergo recombination with plasmid 
genomes 'generating the plasmid and viral forms' shown in panel D. 
-35 Both plasmids and viral genomes can ' undergo further rounds of 
replication and'^ recombination generating the structures shown in 
panels E and F. Screening/selection identifies cells containing 
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plasmid and/or viral genomes having genes that have evolved best' 
to allow survival of the cell in. the screening/selection process, 
as shown in panel G. These viral ' genomes are also present' in 
viruses extruded by such cells,. 

5 / . ' ■ ' . - . ' ... 

(c) Virus-Virus' Recombination 

The principles described for plasmid-plasmid and plasnid- 
'viral recombination can be applied to virus-virus recombination 
with a few modifications. The initial substrates for 
,10 , recombination are/cloned into a viral vector. Usually, the same 
vector is used for all substrates. Preferably, the virus is one 
that, naturally. or as a result of mutation does not kill cells. 
After insertion, viral genones are usually packaged in vitro.. 
The packaged ' viruses are used to -infect cells at high 
15 riultipiicity such, that there is high probability that a cell . 
Will receive rr.uitiple viruses- bearing different substrates. 

After the initial round .of.' infection,, subsequent ste.ps ■ 
- ■ depend on the nature of infection discussed .in the-- previous 
section . ■ , 

20 For example, if the viruses have phage'nid genomes such as lambda ■ 
cosnids .or' M13, F.l or rd pha-gerr. ids , the phagem'ids behave as 
■■ plasmids ■ within th'e cell" and undergo recombination' simply by 
propagating the cells. Recombination is particularly efficient 
between single-stranded form.s of intracellular DNA . 
2 5 Recombination can be augr.ented by electroporation of cells, 
■Following selection/ screen i ng , cosmids containing recombinant 
genes can be recovered from surviving cells , (e.g'..', by heat 
induction of a cos" lysogenic host celi)^, repackaged in vitro , 
, and used to infect fresh cells at high multiplicity for a' further 
30 round, of " recbmbinat ion .. ' ' . ' ' ' . 

If the viruses are filamentous phage, recor^binat ion . of 
replicating form. DNA occurs by propagating the culture of 
infected cells. Selection/screening identifies colonies of cells 
containing viral vectors having recombinant genes with improved 
35 properties, together with phage extruded from such, ceils. 
Subsequent options are essentially the same as for plasmid-vira 1 
recombination. 
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Fig. 28 shows an example of virus-virus recombination. A 
library of diverse genes is cloned into a lambda cosmid. The 
recombinant cosmid DNA is packaged in vitro and used to infect 
host cells at high multiplicitity such that many cosmids bearing 
different inserts enter the same cell. The cell chosen is a cos" 
lambda lysogen, which on induction, packages cosmid DNA without 
packaging lysogenic DNA. Cosmids recombine within the cell.-. 
Recombination can be accelerated by the use of host cells that 
are MutD, MutS, MutL and/or express a modified recA. Induction 
of the ■ lysogen results in release of packaged recombinant 
cosmids, having greater diversity than the starting materials. 



(d) Chromosome-Plasmid Reco inbina t ion 

This format can be used. to evolve both the chromosomal and 
15 plasnid-borne substrates. The for-ac is particularly useful in 
situations in which many chro-o5or-al genes contribute to a 
phenotype or one does not know the exact location of the_ 
chromosomal gene(s) to be evol'ved. The initial substrates for 
recombination are cloned into a plasmid vector. If . the 
chromosomal gene(s) to be evolved are knpwn, the substrates 
constitute a family of sequences showing a high degree of 
sequence identity bur some divergence from the chromosomal gene.^ 
If the chromosomal genes to be evolved have not been located, the 
initial substrates usually constitute a library of DNA segments 
25 of which only a small number show sequence identity to the. gene 
'or gene(s) to be evolved. Divergence between plasmid-borne 
substrate and the ' chromosomal gene(s) can be induced by 
mutagenesis or by obtaining the plasmid-borne substrates from a 
different species than that of the cells bearing the chromosome. 



■ The plasmids bearing substrates for recombination are 
transfected into cells havirlg chromosomal gene(s) to be evolved. 
Evolution can occur simply by propagating the culture, and can 
be accelerated by transferring plasmids between cells by 
35 conjugation or electroporat ion . Evolution can be further 
accelerated by use of mutator host cells or by seeding a culture 
of nonmutator host cells being evolved with mutator host cells 
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and inducing intercellular transfer of plasmids by* 
electroporation or conjugation. Preferably, mutator host cells 
used for seeding contain a negative ■ selection marker to 
facilitate isolation of a pure culture of the nonmutator cells 
5 being evolved. Selection/screening identifies cells bearing 
■chromosomes and/or plasmids that have evolved toward acquisition 
of a desired function.' 

Subsequent rounds of recombination and selection/screening 
proceed in similar fashion to those described for plasmid-plasmid 
10 recombination. For example, further recombination can .be 
* effected by propagating cells surviving recombination in 
combination with electroporation or conjugative transfer of 
plasmids. Alternatively, plasmids bearing additional substrates 
for recombination can be introduced into the surviving cells. 
15 Preferably, such plasmids are fro~ a' different incompatibility 
group and bear' a different, selective marker than the^ original 
p.lasmids"to allow selection fcr calls conta in i ng ■ at least two 
. different plasmids. As a further alternative, plasmid and/or 
chromosomal DN'A can be isolated fro" a subpopu lat ion of surviving 
2 0 cells and transfected into a second subpopulat ion . ' Chromosom.al 
DNA can be cloned into a plasmid vector before trans feet ion . 

Fig. 29 illustrates a scheme for plasmid-chromospme 
shuffling. Panel A . shows variant forms of a gene cloned into a 
plasmid vector. The plasmids are introduced into cells as shown. 
25 in panel B. In the cells, the plasmids replicate , and undergo 
recombination with a chromosomtal copy of the gene, as shown in 
panel C. Exchange of plasmids between cells can be effected by 
electroporation or conjugation as shown in panel D. The 
chromosomal genes in the two cells. shown in panel D have evolved 
30 to different variant forms." Screening/selection identifies the 
cell bearing the chromosomal gene that has evolved that has 
acquired a desired property that allows the cell to survive 
screening/selection, as shown m panel E. 

35 , " ■ 

fe) Virus-Chromosome , Recombinat ion 

96 " 
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As in the other methods described " above, the virus is' 
usually one that does not kill the cells, and is often a phage 
or phagemid. The procedure is substantially the saine as for 
plasmid-chromosome recombination.' Substrates for recombination 
are cloned into the vector. Vectors including the substrates can 
then be transfected into cells or in vitro packaged and 
introduced into' cells by infection.. Viral genomes recombine with 
host chromosomes merely by propagating a culture. Evolution can 
be accelerated by allowing intercellular transfer of viral 
genomes by electroporation , or reinfection of cells by progeny 
virions. Screening/ select ion identifies cells having chromosomes 
and/or. viral genomes that have evolved toward acquisition of a 
desired function. 

There are .several options for subsequent rounds of 
reccnbir.ation . For exarr.pie, viral genomes can be transferred 
between cells surviving se lection/ recombination -by 
electroporation. Alternatively, -/iruses extruded from cells 
surviving selection/screening can -be pooled and used to 
superinfect the ceils at high multiplicity. Alternatively, fresh 
substrates for recombination can be introduced into the cells, 
either on plasmid or viral vectors. 



e.' Evolution of Genes' bv Coniuaative Transfer • --^ , 

As noted above, the rate of in vivo evolution of plasmids 
DNA can be accelerated by allowing transfer of plasmids between 
cells by conjugation. Conjugation is the transfer of DNA 
occurring during contact between cells. See Guiney (1993) in: 
Bacterial Conjugation (Clewell, ed., Plenum Press, New York), pp. 
75-104; Reimjnann & Haas in Bacterial Conjugation (Clewell, ed. , ' 
Plenum Press, New York 1993), at pp. 137-183 (incorporated by 
reference in their entirety for all purposes) . Conjugation 
occurs • between many types of gram negative bacteria, and some 
types of gram positive bacteria. Conjugative transfer is also 
known between bacteria and plant cells ( Agrobacter ium 
tumefaciens) or yeast. 
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.As discussed in copending application attorney docket no. 16528 J- 
014612, the genes responsible for conjugative- transfer can 
themselves be' evolved to expand the range of cell types (e.g., 
from bacteria to maimals) between which such transfer can occur. 
5 " Conjugative transter is effected by an origin of transfer 
(oriT) and flanking genes (MOB A,. B and C) , and 15-25 genes,.' 
termed tra, encoding the structures and • enzymes necessary for 
conjugation to occur. The transfer, origin . is defined as' the site 
required in cis for DNA transfer. - Tra genes . Include tra A, B, 
10* C D, E, F, G,.H, I, J, K, L, M,- R,^P, Q, R, S, T, U, V, W, X, 
Y., Z, vir AB (alleles 1-11) , C, D, E', G,' IHF, and FinOP. OriT 
is sometimes also designated as a tra gene. Other cellular 
enzymes, including those of the RecBCD pathway, RecA, SSB 
protein, DNA gyrase, DNA poll, and' DNA ligase, are also involved 
15 in conjugative transfer. RezE cr recF pathways can substitute 
for RecBCD. ■ ' , 

The tra genes and MOB cenes can be' expressed in cis or rrans 
to oriT. Vectors undergoing, conjugation arse have an origin of 
replication which is ' classified -as • belonging to an 
2-0 inconpatibility- group such as Inc A, B;, C, D> E, F (I-VI),'H (I,- 
.'/), i (l, 2, 5, ALPK.".) / - , L, Mr N/p (ALPHA, BETA, 1 , ALPHA , 

, 3, 7, .10, 13) Q, R\{H1, H2/H3) S, T, v;, X,.Z. Only vectors 

from different mconipat.ibi i ity groups can stably co-exist in the 
same .cell. However, when two vectors- .from the sane 

25 incompatibility group are transf acted into the same cell, the 
vectors transiently coexist for .. sufficient time that 
r ecom.bination can occur between the vectors. 

One structural protein encoded by a tra gene, is^ the sex 
pilus, a filament constructed of' an aggregate of a single 
30 polypeptide protruding from the cell surface. The "sex pilus 
binds to a polysaccharide oh recipient cells and forms a 
conjugative, bridge through which DNA can transfer: This process 
activates a site-specific nuclease encoded by a MOB gene, which 
specifically cleaves DNA to be transferred at oriT. The cleaved 
35 DNA' is then threaded through the conjugation bridge by the action 
of other tra enzymes. 
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DNA is transferred more efficiently between cells when 
present as a component of the nobilizable vector." However, some 
mobilizable vectors , integrate into the host chromosome and 
thereby mobilize adjacent genes from the chromosome. The F 
5 plasmid of E. coli, for example, integrates into the chromosome 
at high frequency and mobilizes genes unidirectional from the 
site of integration. Other mobilizable vectors do not 
spontaneously integrate into a host chromosome at high efficiency 
but can. be induced to do by growth under particular conditions 
10 (e.g., treatment with a mutagenic agent, growth at a 
nonpermissive temperature for plasmid replication) . See Reimann 
& Haas in Bacterial Conjugation, (ed. Clewell, Plenum Press, KV 
1993) , Ch. 6. 

Conjugation provides a means of recombining gene (s)- in vivo 

15 to generate diverse recombinant for:T;S of the gene(s). As in 
other methods of recursive recombination, iterative cycles of 
recombination and selectiop./screenmg, can be used to evolve the 
gene(s) toward acquisition of a p.ew or improved property. As in 
any method of recursive recombination, the first step is to 

20 generate a library of diverse fcrr.s of the gene or genes to be 
evolved. The diverse form;S can be the .result of natural 
diversity, the application of traditional' mutagenesis methods 
(e.g., error-prone PGR or cassette m.utagenesis ) or the result of 
any of the ^ other recombination formats discussed in this 

25 application, or any com^bination of these. The number of diverse 
forms can vary widely from about 10 to 100, 10**, 10^, 10^ or 
10-^. Often, the gene(s) of interest are mutagenized as discrete 
units. However, if the location of gene(s) is not known or a 
large number of genes are to be evolved simultaneously initial 

30 diversity can be generated by in situ mutagenesis of a chromosome 
containing the gene(s). 

The library of diverse forris of a gene or gene(s,) is 
introduced into cells containing the apparatus necessary for 
conjugative transfer (assuming that the library is not a;lready 

35 contained in such cells) , usually in an arrangement such that the 
genes can be expressed. For exam:ple, if the gene(s) are 
mutagenized in the absence of essential regulatory sequences such 
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as promoter, these sequences are reattached before introduction 
into cells. Similarly,, if a fragment of a gene is mutagenized 
in isolation, the mutagenesis products are usually reassociated 
with unchanged flanking sequences .before being introduced into 
5' cells. The apparatus necessary for conjugative -transfer 
comprises a vector having an. origin of transfer together with the 
mob and. tra genes whose expression is necessary for conjugative 
transfer to*. occur. These genes can be included, in the vector, 
in one or more different vectors, or. in - the chromosome. , The 
10 library of diverse forms of the gene to be evolved .is usually 
inserte'd 'into the vector containing the origin/of transfer (see 
Fig. 3 0). However, in some situations the library of 'diverse 
forms of the gene can be present in the chromosome , or a second 
vector, as well as,, or instead of- in the vector containing the 
15 origin of transfer. The library of,' diverse forms can be -inserted 
■ in ■ different places in different cells. 

A vector bearing- a library, of variant forms" contains' at 
least one oriain of reoiication. If " transfer between different 
cell types is contemplated, the -/ector can 'contain two origi.ns 
■■ 2o' of replication, one functional in each, cell type (i.^e., a shuttle 
vector) . Alternatively , if it is intended that transferred genes 
should integrate into 'the chromosome of recipient cells, it is- 
preferable that the vector not ■ conta i.n • an ; or igin of replication' 
functional in the . recipient cells' (i.e., a -suicide vector ) . The 
25 oriT site and/or MOB genes can be introduced into, a vector by 
' cloning or transposing the Pl";2/R?4 M05 function -(Guiney, J. Mol . 
Biol, ,162, 699-703 (1982)), or by cointegrate formation with a. 
MOB-containing. plasmid. - A convenient' method f or 'large . p.lasmids 
is to use ' Tn5-Mob ' , which is the Tn5 transposoa-containing the 
30 oriT of RP4.' For - example ,■ pUC-iike mobilizable vectors -pKlo and, 
pK19 (Schafer et al. (1995) Gene 145:69-73) are suitable starting 
vectors for cloning the tra gene library to be evolved. 

Although not necessary, recombination' is sometimes 
facilitated by inserting the diverse gene, library into two 
35 different kinds of vectors having different incompatibility 
origins. Each vector should have -an oriT and the cell should 
express MOB and tra functions suitable for mobilization of both 
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vectors. Use of two such kinds of vectors allows stable 
coexistence of -multiple vectors within the same cell and 
increases the efficiency of recombination between the vectors. 

The collection of cells is propagated in any suitable media 
to allow gene expression to occur. Tra and mob genes are 
expressed and mediate transfer of the mobilizable vector between 
'cells. If the diverse library is cloned into a mobilizable 
vector, its members are transferred as components of the vector. 
If the diverse library, or certain elements of the library, are. 
in trans to the mobilizable vector, they are transferred only if 
the mobilizable vector integrates into ' or proximate to the 
elements. As discussed above, integration frequently occurs 
spontaneously for the E. coli F plasmid and can be induced for 
other mobilizable vectors. 

.-^s a result 'of transfer of nerri'cers of the diverse library 
between cells, sor?.e cf the ceils cor.e to contain rr.ore 'than one 
meriber of the diverse library. The r.ultiple me"bers undergo 
recombination within such cells generating still further 
diversity in a library of reccr:ibin= nt forms. In general; the 
longer cells are propagate^' the -ore recombinant forr.s are 
generated. Generally, reco-binat i cn results in more than one. 
recombination product within the same cell. If both 

recombination , products are on vectors and the vectors are from 
the same incompatibility croup, one of the vectors is lost as the 
cells are propagated. This process occurs faster if the. cells 
are propagated on .selective media in which one or other of the 
recombinant products confers a selective advantage.. After 'a 
suitable period of recombination, which depends on the cell type 
and its growth cycle time, the recombinant forms are subject to 
screening or selection. Because the recombinant form.s . are 
•already present in cells, this forr.at for recombination is 
particularly am^enable to alternation with 'cycles .of in vivo 
screening or selection. The conditions for screening or 
selection, of course, depend on the property which it is desired 
that the gene(s) .being evolved acquire or im^prove in. For 
example, if the property is drug resistance, recombinant formis 
having the best drug resistance can be selected by exposure to 
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the drug. Alternatively, if a cluster of genes is being. evolved 
to produce a drug as a secondary metabolite,* cells bearing 
recoinbinant clusters of the genes can be screened by overlaying 
colonies of cell bearing recombinant cluster with a lawn of ' cell's 
5 that are sensitive to the drug. 'Colonies having recombinant 
clusters resulting in production of .the best drug are identified 
from holes in the lawn. If the gene being evolved confers 
enhanced growth characteristics, cells bearing the best genes can 
be .selected' by growth competition. Antibiotic production can be 
.10 avgrowth. rate advantage if cells are competing with other; cell 
types for growth. 

Screening/selection produces a su'bpopulation of cells 
expressing recombinant forms of gene(s) that have evolved toward 
acquisition' of a desired property. These recom.binant forms can 
15 then be subjected' to further rounds of recombination and 
screening/selection in any order. For example,, a second round 
of scree.ni.ng/selection' car... be performed analogous to t'he first 
■'resulting in greater enrichment for genes having evolved toward 
acquisition- of the desired property.. " Optionally, ^ the stringency 
20' of selection can be increased between ' rounds (e.g., if selecting 
, -.for drug resistance, the concentration of drug/in the, media can 
be increased) . Further rounds of recombination can. also be 
'..performed by an analogous strategy to the first -round generating 
further recombinant forms of the gene(s)-. Alternatively,' further 
25, rounds of recomtbinat ion can-be^ performed by ' any" of _ the other.' 
molecular breeding fo^rm.ats discussed. ' Eventually, a recombinant 
. .form of the gene(s) is generated that, has .fully acquired^ the • 
desired property. ' ' \, ■ 

Fig. 30 provides an example of how a drug resistance gene ^ 
3 0 / can be evolved by con jugative transfer.', Panel A .shows- a library 
bf diverse genes cloned into a mobilizable vector . bear ihg * as 
oriT. The' vectors are, present in cells containing a second 
vector which provides tra functions. Conjugative' transfer 
results in movement of the mobilizable vectors between cells, 
35 such that different vectors bearing different variant forms of 
' a gene occupy the same cell, as shown in panel B. The different 
forms of the gene recombine to give the products shown in panel 

10'2' 
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C. After conjugation and recombination has proceeded for a 
desired time, cells are selected to identify those containing the 
recombined genes, as shown in panel D. 

In one aspect, the alternative shuffling method 
5 includes the use of intra-plasmidic . recombination, wherein 
libraries of sequence-recombined polynucleotide sequences are 
obtained by genetic recombination in vivo of direct sequence 
repeats located on the same plasmid. In a variation, the 
sequences to be recombined are flanked by site-specific 

10 recombination sequences and the polynucleotides are present in 
a site-specific recombination system, such as an integron (Hall 
and- Collins (1995) Mol. Microbiol. 15 : 593, incorporated herein 
by reference) . 

In an aspect- of the invention, mutator strains of host 

15 cells are used to enhance reco-bination of more highly mismatched 
seauence-rela ted polynucleotides. 3acterials strains , such as 
MutL, MutS, or MutH cr other cells expressing the Mut proteins 
(XL-lred; Stratagene, San Diego/' CA) can be used as host cells, 
for shuffling of secue:. .e-related polynucleotides by in vivo 

20 recombination. Other mutation-prone host eel types can also be 
used-; such as those having a proofreading-defective polymeras'e 
(Foster et al. (1995) ?roc. Natl. Acad. Sci. (U.S.A.) 92: 7951', 
incorporated herein by reference) . Other jjn vivo mutageni,c 
formats can be employed, including adminstering chemical or 

25 radiolcaical mutagens to host cells. Exam.ples of such miutagens 
include but are not limited to: ENU, ^:^^^^'G, nitrosourea BuDR , and 
t h e 1 i >: e . 

Shufflinc can be used to evolve polymerases capable of 
incorporation of base analogs in ?CRor PCR-like amplification 

30 ' reactions. A DNA polyr^erase which is evolved to use base analogs 
can be used to copy DN'A by PGR into a chemical form which gives 
more resolvable fragmentation patterns .in mass spectrometry, such 
as for mass spectrom.etry DNA sequencing. _ The base analogs can 
have fewer and/or more favorable . fragmentation sites to enhance 

35 or facilitate the interpretation of the mass spectrum patterns. 

Variant polymerases can also be evolved by recursive 
seauence recombination to incorporate non-natural nucleotides or 
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nucleotide analogs, such as phosphorothioate nucleotides. 
, Phosphorothioate nucleotides made with such variant polymerases 
can provide many uses, including naked DNA gene therapy vectors 
which are resistant to nuclease degradation. Other examples of 
5 properties of polymerases which can be modified via recursive 
sequence recombination include., but are not limited- to, 
processivity, error rate, proofreading, thermal stability, 
oxidation resistance, nucleotide preferences,., template 
specificity, and the like, among others. 
10 In an embodiment, fluorescence-activated cell sorting 

or analogous methodology is used to screen for host cells, ' 
typically mammalian cells, insect cells, or bacterial cells, 
comprising a library member of a recursively recombined sequence 
library, wherein the host cell having a library member conferring 
15 a desired phenotype can be selected on rhe basis of fluorescence 
or optical density at: one or more cetecticn wavelengths. In one 
. embodir.ent. , for exar:ple, each library n^.ember typicallv. encodes 
an .enz>-me, which . nay be secreted fro:?, the cell or may be 
intracellular r and the enz'/r.e catalyzes conversion of a 
20 chromogenic or flucrogenic substrate, which may be capable of 
.diffusing into- the host cell (e.g., if said, enzyme is not 
secreted) . Host cells containing library members are contained 
in- fluid drops or' gel drops and passed by a detect ion .apparatus , 
where the drops .are illuminated with an excitation wavelength and 
25 a detector 'measures either fluorescent emission ■ wavelength 
radiation and/or measures optical density (absoption) at one or 
more excitatory wave length ( s) . The cells suspended in drops are 
passed across a sample detector under conditions wherein only 
about one individual cell is present in a sample detection zone 
30 at a time, A source, illuminates each cell and * a detector, ' 
typically a photomultipl ier or photodiode, detects emitted 
radiation.. The detector controls gating of the cell in the 
. detection zone into one of a plurality of sample, collection 
regions on the basis of the signal (s) detected. A general 
3 5 description of FACS apparatus and methods in provided in U.S. 
Patents 4,172,227; 4,347,935; 4,661,913; 4,667,830; 5,093,234; 
5,094,940; and 5,144,224, incorporated herein by reference. "A 
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suitable alternative to convnetional F ACS is available from One 
Cell Systems, Inc. Cambridge, MA. 

As can be appreciated from the. disclosure, above, the present 
invention has a wide variety of applications. Accordingly, the 
5 following examples are offered by way of illustration, not by way 
of limitation . 
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EXPERIMENTAL EXAMPLES 

In the examples below, the following abbreviations have the 
following meanings. If not defined below,, then the abbreviations 
have ^their art recognized meanings. 



c 
D 


ml 




mi-LJ-iiii-er. 




Ml 




miCi: O J. J. t-ci 5 




fiM 




micromolar 




nM 




nanomolar 




PBS 




phosphate buffered saline 


10 


ng 




^ nanograms 




fig : 




micrograms 




IPTG 




isopropylthio-/3-D-galactoside 




bp ' 




basepairs 




kb 




kilobasepairs 


15 


dNTP 




deoxynucleoside triphosphates 




PGR 




polymerase chain .reaction 




X-gal 




5-br6mo-4 - ch loro- 3 - indoly 1-/3 -D-ga lac toside 








deoxyribonuclease 




P3S 




phosphate buffered saline 


20 


CDR 




complementarity -determining regions 




MIG'. 




minimum inhibitory concentration 




s c F V 




single-cha.in Fv fra-ZTr^ent of an^ antibody 




In 


gen 


eral, standard techniques of recombination 



technology are described "in various publications,, e.g. Sambrook 
25 et al. , 1989,. Molecular Cloning: A Laboratory Manual, Cold Spring 
Harbor Laboratory; Ausubel et al.^ 1987/ "Current Protocols' in 
Molecular Biology, vols. 1 and 2 and supplements, and Berger and 
Kimjnel, Methods in Enzvn-.o 1 o"v . Volume 152 , Guide to Molecular 
Cloning Techniques (19o7)-, Academic Press, Inc., San Diego, GA, 
30 each of which is incorporated herein ■ in their entirety by 
reference.' Restriction enzsT^es and polynucleotide modifying 
enzymes were used according to the manufacturers recomjnendat ions . 
■ ' Oligonucleotides were 'synthesiz^ed on an Applied Biosy stems Inc.. 
Model 394 DNA synthesizer using ABI chemicals. If- desired, PGR 
35 ariplimers - f or ariplifying a predetermined DNA . sequence may be 
selected at the . discret ion ■ of ■ the practitioner . 

" - EXAMPLES 



4 0 Example I. LacZ aloha gene reassembly 
1) Substrate preparation 

The substrate for the reassembly reaction was the dsDNA 
polymerase chain 'reaction ("PGR") product of the wild-type LacZ 
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alpha gene from pUClS. (Fig. 2) (28; Gene Bank No. X02514) The" 
primer sequences were 5 ' AAAGCGTCGATTTTTGTGAT3 ' (SEQ ID N0:1) and 
5;'ATGGGGTTCCGCGCACATTT3 ' (SEQ ID 'NO: 2 ) . The free • primers were 
removed from the PGR product by Wizard. PGR prep (Promega / Madison 
WI) according to the manufacturer's directions/ The removal of 
the free primers was found, to be important. 
2) DNAsel digestion 

About 5 ^g of the .DMA substrate was digested, with 0.15 units 
of ^DNAsel (Sigma, St. Louis MO) in 100 ^^il of [50 mM Tris-HCL pH 
7.4, I'mM MgCl2], for 10-20 minutes at room temperature. '^The 
digested* DNA was run on a '2.% low melting point , agarose gel. 
Fragments of 10-70 basepairs (bp) were purified from the 2% low 
•melting point agarose gels by electrophoresis onto DESl ion 
exchange ■ paper (Whatman, Hillsborough OR). The -DMA fragments 
were eluted frorr. the paper; with* 1 M NaCl and ethanol 
precipitated. - . ■ . 

3 ) DNA .Reassembly 

The ourified fracments were resuspended at a concentration' 
of 10 - .30 ng/^l in PGR Mix (C:2 r.M each cNT?/ 2 . 2 mM MgCl2 ; 5=0 
■m^-l KCl, 10 mM Tris-HCl pH 9.0, 0.1% Triton X-100, 0-. 3 ^^1 Taq DKA 
Dolvm.erase, 50 ul total volur'e). no primers were added at this 
point. A reassembly prcgran^ of 94=C for 60 seconds, 30-45 cycles 
of [94°C'for,30 seconds, 50-^.5 = 0 for •30 seconds, 72°C f or' 
seconds! and 5 minutes at 72?C was used in an MJ Research 
^r^^^^^^^,^,^ M^>^^ PTC-150 thermocycler . The PGR reassembly of small, 
fragments' into larger sequences was followed by taking samples 
of the reaction after 25, 30,' 35 ,A0 and 45 cycles of reassembly 

(Fig. -2). ' ■ ■ 

Whereas the reassembly, of 100-200 'bp fragments can yield a 
single PGR product of. the correct size , ^ 10-50, base fragments 
typically ■ yield some product of the correct size-, "as well as 
products of heterogeneous r.olecular weights. Most of this size 
'heterogeneity appears to be due to single-stranded sequences at 
the ends- of the products, - since- .after .-restriction enzyme 
digestion a single band of the correct size is obtained. 
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■4) PGR with primers 

' After dilution of the reassembly product into the PGR Mix 
with 0.8 pM of each of the above primers (SEQ ID Nos: 1 and 2) 
and about 15 cycles of PGR, each cycle consisting of [94°C for 
5- 30 seconds, SO^'G for 30 seconds and 72*'G for 30 seconds], a 
single product of the correct size was obtained (Fig. 2) . 
5) , Gloning and. analysis 

the PGR. product from step 4 above was digested with the 
terminal restriction enzymes BamHl and EcoOlOS and gel purified 
10 ' as described above in step 2. The reassembled fragments were 
ligated into pUGlS digested with Sa;nHI and £coO109. E. coll were 
transformed with the ligation mixture under standard conditions 
as recommended by the manufacturer (Stratagene, San Diego CA) and 
plated on agar plates -having 100 uc/r^.l ampicill.in , 0 . 004 % 'X-gal 
15 and 2r?-M IPTG. The resulting colonies, having the HinDUl-ilhel 
fragrr^ent which is diagnostic fcr the r^. reco-^binant v/ere 
identified because they* appeare.d clue. 

This Example illustrates that c 1.0 kb sequence carrying the 
LacZ alpha gene can be digested into 10-70 bp fragm.ents, and that' 
20 ■ these gel purified 10-70 bp fragr.ents can be reassembled to- a 
single product of the correct size, such, that B4% (N = 377 ) of the 
resulting colonies are LacZ* (versus 94% without shuffling'; Fig. . 

The D'NA encoding^ the Lac 2 'gene fror^ the resulting -LacZ 
■25 colonies was sequenced with 'a sequencing kit (United States 
Biochemical ,Co.,. Cleveland OH) according to the" manufacturer ' s 
instructions and the genes were found to have point mtUtations due 
to the .reassembly process, (Table 1). 11/12 types of 

substitutions 'w.ere:. found , and no frameshifrs. 
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TABLE 1 

Mutations introduced bv nutaaenic shuffling 

Transitions Frequency Transversions Frequency 

G - A ^ 6 A - T 1 

A-G 4 A-C 2 

. C - T 7 C - A 1 

T - C ,3 C - G 0 

G - C 3 

G - T 2 

T - A . 1 

T - G 2 

A total of 4/437 bases of shuffled iacZ DNA were sequenced. 

The rate of point r.utagenesis during DNA reassembly fron 10- 
70 bp pieces was determined from DN'A sequencing to be 0.7 % 
(N=4,473), which Is similar to error-prone ?CR. Without being 
limited to any theory it is believed thai the rate of point 
mutagenesis may be, lower if larger fragments are used for the 
reassembly, or if a proofreacipg pclv-rierase is added. 

When piasmid ON'A from 14 c: these pomt-mura ted Lac2~; 
colonies were combined and again r ea sser.bl ed / shuf f led by the;, 
method described above, 34% (N=29:) of the resulting colonies 
were LacZ", and. these colonies presumably arose by recombinat ion^ 
of the DNA from, different colonies. 

The exoected rats of reversal of a single point mutation by 
error-prone ?CR, assuming a mutagenesis rate of 0.7% (10), would, 
be expected to be <1%. 

Thus large DiiA sequences can be reassem.bled from a random 
mixture of small fragm.ents by a reaction that is surprisingly 
efficient and' simiple . One application of this technique is the 
recombination or shuffling of related sequences based on 
homology. 

Examole 2. LacZ aene and v;hole olasmid DMA shuffling • 
1) LacZ gene shuffling 

Crossover betv/een two markers separated by 7 5 bases was 
measured using two LacZ gene constructs. Stop codons were 
inserted in two separate areas of the LacZ alpha gene to serve 
as negative markers. Each marker is a 25 bp • non-homologous 
sequence with four stop codons, of which two are in the LacZ gene 
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reading frame. The 2 5 bp non-homologous sequence is indicated" 
in Figure 3 by a large box. The stop codons are either boxed or 
underlined. A 1:1 mixture of the two 1.0 kb LacZ templates 
containing the +- and -+ versions "of the LacZ alpha gene (Fig- 
3) was digested with DNAsel and 100-200 bp fragments ' were 
purified as described . in Example 1. The shuffling program was 
conducted under , conditions similar to those described for 
reassembly in Exaihple 1 except 0.5 m1 of polymerase was added and 
the total volume was 100 /^l. 

After-cloning, the number of blue colonies^ obtained, was 24%; 
(N=386) which is close to the theoretical maximum number of blue 
colonies (i.e. 25%), indicating that recombination' between the 
two markers was complete., All of the 10 .blue colonies contained 
the exoected d dl II -^'.^e I restriction r racrment . 

2) Whole ■ pias-id DNA shuffling ' • ■ , 

Whole 2.7 kb plasmids .(pUC15-- and pUClS-^-) ■ were also 
tested . A 1:1 "ixture af the rvo 2 . 9 kb plasr-ids cpntaini.-g the 
■f- and' --^ versions o: the LacZ alpha gene ■(Fig. 3) was digested 
with DNAsel and 100-200 bp fragr-nts were purified as described 
m .Exar^pie 1. The shu ff 1 ing . program vas conducted under 
conditions si-ilar.to- those described for reassembly in. step (1) 
above except the program was fcr 60 cycles [94.-C for 30 seconds, 
55'C for 30 seconds, 72^C for 30 seconds]. ■ Gel analysis showed 
that' after the s.huf fling program mos.t of the product was greater 
r^p-^ 20 -'b. 'Thus whole 2.7 kb plasnids (pUClS --r and pUClo -r-) 
were efficientlv reassembled fro" random- 100-2 00 -.bp fragments 
without added primers^. 

/After digestion with a restriction erizym.e having , a unique, 
site on the plasmid (■ZC00109) ; most of the product consisted of 
a'single band of the -expected size. This ^band 'was gel purified, 
' religated and the DNA used to transform E, coll. ■ The 
transformants were plated on 0.004% X-gal plates as described in 
Example 1. 11% (N== 323 ) of the resulting plasmids were blue and 
thus recombinants. 

3) - Spiked DNA Shuffling * ■ - 

Oligonucleotides that are mixed into the shuf fling • mixture 
can be incorporated into the final product based on the homology 
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of the'flanking sequences of the oligonucleotide to the template 
DNA (Fig* 4). The LacZ' stop codon mutant (pUClS -+) described 
above was used as the * DNAsel digested template. A 66 mer 
oligonucleotide, including 18 bases of homology to the wild-type 
5 LacZ gene at both ends was added into the reaction at a 4 -fold 
molar excess to correct stop codon mutations present in the 
original gene. The shuffling reaction was conducted under" 
conditions similar to those in step 2 above. The resulting 
product was digested, ^ ligated and inserted into E. coll as 
10 described above. 

Table 2 

. h blue colonies 
15 Control 0.0 (N>1000) 

Top srrand spike (N' = 355) 

■ Bottom strand spike 9.3 (N=520) 

Tod and bat: tor?, strand spike 2.1 (N = 53 7 ) 
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ssUNA appeared to be -o-e efficient than dsDNA, presu-aoiy 
due to conoetitive hvbr ici zat ipn . The degree of incorporation 
can be varied over a wide range by adjusting the molar excess', 
annealing temperature, or the ien:^th of homology. 
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Plasmid pUClo was digested with restriction enzv-es ZcoRi; 
£co0109, :<r?j:l and .Aiwh'I, yielding fragr.ents of approximately 370', 
4 60, 77 0 and 1030 bp. Tnese fragr.ents were e lectrophoresed and 
30 separately purified from a 2\ low melting point agarose gel (the 
370' and 460 basepair bands could not be separated) , yielding a 
large ■ fragirient , a medium fragment and a mixture of two small 
fragments 'in 3 separate tubes . ' 

'Each fragm.ent was digested with DNAsel as described in 
35 Example 1, and fragments of 50-130 bp were purified from a 2^ low 
melting point agarose gel for each of the original fragments.' 

PGR mix (as described in Example 1 above) was added to the 
purified digested fragments to a final concentration of 10 ng/^l 
of fragments. No primers were added. A reassembly . reaction was 
40 performed for 75 cycles [94°C for . 30 seconds, 60^C for 30 
seconds] separately on each of the three digested DNA fragment 
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mixtures, and, the products were analyzed ' by agarose gel 
electrophoresis.- _ ' 

The results clearly showed that the 1080, 770 and the 370 
and" 460, bp bands reformed efficiently from the purified 
5 ^ fragments, demonstrating that shuffling does not require the use., 
of any primers, at all. 

Example 4. IL-lf3 gene shuffling 

This example illustrates that crossovers based on homologies 
10 of less than 15 bases may be obtained. As an example, a human 
and a' murine IL-15 gene were shuffled. ' 

A murine ILl-B gene,(BBG49) and a human ILl-B gene with 
coli codon usage (BBG2; R&D ^ Systems / Inc Minneapolis m^) were 
used as templates in the shuffling reaction, The areas of. 
IS complete homology between the human, and "che 'murine. IL-IB 
sequences are on average .only 4,1 r-aseS' long fPig.^'S, regions-of 
heterology are boxed) . ^ ■ 

Preparation of dsDNA PGR, products for, each^ of the. genes, 
removal of primers, DN'Asel digestion and purification of 10-50 
20 ■ bp. fragments was similar to .that described above in E'xar.ple -1. 
The. sequences of .the' primers used in- the , PCR \ react ion were 
5 'TTAGGCACCCCAGGCTTT3 ' (SEQ ID NO : 3 ) and 5 ' ATGTGCTGGAAGGCGATT3 ' 
(SEQ^ ID 'Nd:4) . " . " ' ' ^ 

The first 15^cycles of, the shuffling reaction were' performed 
25 with ,the Klencw frag:r.ent of DNA polyrierase I-; adding 1 unit of 
, fresh enzym^e at each cycle.- The DMA .was added^ to the'PCR mix of 
Example 1 'which mix ' lacked the* polym>erase. The manual program 
' 'was 94°C for 1 minute, and then-lS cycles of; [.95^C.for r minute, 
*. 10 seconds on dry ice/ethanol (unt,il frozen) , incubate about 20 
30= seconds at '25°G , add lU. of Klenow^ fragment and incubate at' 25°G 
for 2 minutes]. In each cycle after the denaturation step> the ' 
tube was rapidly cooled -in dry ice/ethanol and reheated to the 
annealing^ temperature. Then the heat-labile polymerase was 
added. The enzyme needs to be added at every cycle. Using this 
35 approach, a high level of crossovers was obtained ,. based on only 
a few bases of uninterrupted homology (Fig. 5, positions of 
cross-overs indicated by "_| ^ ■ 
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After these 15 manual cycles, Tag polymerase was added and 
an additional 22 cycles of the shuffling reaction [94«C for 30 
seconds, 35°C for 30 seconds] without primers were • performed. 

The reaction was then diluted ^O-fold. The following 
5 primers were added to a final .concentration of 0.8 ^M: 
5 •AACGCCGCATGCAAGCTTGGATCCTTATT3 ' (SEQ ID NO: 5) and 

5»AAAGCCCTCTAGATGATTACGAATTCATAT3 • (SEQ ID NO: 6) and a -PGR 
^ reaction was performed as described above -in Example.!. The 
second primer pair differed from the first pair only because a 
10 change in restriction sites was deemed necessary. 

After digestion of the PGR product with Xhal and 5phl, the 
fragments were ligated into Xbal-Sphl-digested pUClS. The 
sequences of the inserts fron several colonies were determined 
by a dideoxy DMA sequencing kit: (Unified States Biochemical Co., 
15 Cleveland OH) according zo zhe manufacturer's instructions. 

A total of 17 crossovers were found by DN'A seque.ncing of. 
''ne colonies, Sor^e of ti-e crossovers were based on only 1-2: 
bases of uninterrupted hon:olcgy. 

It was four.c that to force efficient crossovers based on: 
20 short honologies, a very lov effective annealing temperature is- 
reauired. With any heat-stable polymerase, the cooling time of... 
the PGR machine (94*C to 25"C at 1-2 degrees/ second ) causes theV 
effective annealing temperature to' be higher than the set 
annealing temperature. Thus, none of- the protocols based on Tag/ 
25 poly^.erase vielded crossovers, even when a ten-fold excess of one 
of the ILl-o' cenes was usee. In contrast, a heat-labile 
polvTT^erase, such as the Klenow fragment of DNA polymerase I, can 
be used to accurately obtain a low annealing temperature. 

Example 5. DNA shuffling of the TEM-1 betalactamase gene 

The utility of' mutagenic DN'A shuffling for directed 
molecular evolution was tested in a betalactamase model system. 
TEM-1 betalactamase is a very efficient enzyme, limited in its 
reaction rate primarily by diffusion. This example determines 
whether it is possible to change its reaction specificity and 
obtain resistance to the drug cefotaxime that it normally does 
not hydrolyze. 
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The mininium inhibitory concentration (MIC) of cefotaxime on" 
bacterial cells lacking a plasmid was determined ^by plating 10 
of a 10"^ dilution of an overnight bacterial culture (about 
lOGO cfu) of 'i:, *coii XLl-blue cells (Stratagene San Diego GA) 
on plates with varying levels of cefotaxime (Sigma, St. Louis 
MO), followed by incubation for 24 hours at 27°C. 

Growth on cefotaxime is sensitive to the density of cells,, 
and theref ore^ similar numbers ' of cells needed to be plated on 
each -plate (obtained by plating on plain LB plates). Platings 
of 1000 cells were consistently perfo,rmed. 
1) Initial Plasmid Construction 

A pUClS'^ derivative' • carrying the bacterial TZM-1 
betalactamase gene was used (28). ■ The TEM-1 betalactamase gene 
■confers' resistance to bacteria against approximately O';02 .:^g/m; 
of- cefotaxime. Sfil restricticn sites .were added 5'^ of the-- 
promoter and '3 ' of ^rhe end of. ir:.e gene by ?CR of the vector 
sequence with two primers: 

Primer A ^ ' f S -Z' Q . 1 D ^ K ■ 0 ■ : _ T ) ' : 

5 'TTCTATTGACGGCCTC'TCAGGCCTCATATATACTTTAGATT and Primer B 

( " ■ S' E . ' Q 1 ' D- " N O / \ ■ ' \ 3 O , • 

5 ' TTGACGCACTGGCCATGC-TGGCC.A.".--AA.^^ ' 
and by PGR of the" betalactamase gene sequence with .two. other 
primers : 

Primer C (S£Q -ID NO: 9') :' ' 

5 \iJ^XTGACCACGGCCTGACAGG^GGTCTGACAGTTACGAATGCTT, ^a 
Primer "d ( SEQ ID NO: 10): ■ ' ■ - . ■ 

5 • ^J^CCTGTGCTGGCCACCAtGGCGTA.AATACATTCAAATAT^ ^ , ■ , 

The two reaction -products 'were digested with Sf il mixed', ■ 
■ iigated and used to transform, bacteria. - 
■ The resulting' plasmid. was pUC182Sfi. This plasmid- contains- 

an' Sfil fragment carrying the TE>!-1 gene and the- P-3 'promoter . 

The minimum inhibitory, concentration of cefotaxime for E. 
coll XLl-blue (Stratagene, San Diego CA) carrying this plasmid 
was- 0.02 ^q/nl "after 24 hours at .37«C. 

The ability to improve the resistance of the betalactamase 
gene to cefotaxime without shuffling was determined by stepwise 
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replating of a diluted pool of cells (approximately 10*^ cfu) on 
2-fold increasing drug levels. Resistance up to 1.-28 ^g/ral could 
be obtained without shuffling. This represented a 64 fold 
increase in resistance. 
5 2) DNAsel digestion 

The substrate for the first shuffling reaction was dsDNA of 
0.9 kb obtained by PCR'of pUC182Sfi with primers C and D, both 
of which contain a 5fil site: 

The free primers from the PGR product were removed by Wizard 
10 PGR prep (Promega, Madison WI) at every cycle. 

About 5 /ig of the DNA substrate (s) was digested with 0.15 
units of DNAsel (Sigma, St. Louis MO) in 100 ^1 of 50 mM Tris-HCl 
pH 7.4, 1 mM MgGl2, for 10 min at roon temperature. Fragm.ents 
of 100-300 bp were purified fror. 2-5 low melting point agarose 
15 gels by electrophoresis onto DE81 ion exchange paper (Wharr.an; ' 
Hillsborough OR) , elution with 1 M NaCl and ethanoi precipitation, 
by the method described in Exanple 1. 
■ 3) Gens shuffling 

The ourified fragnents were res-jspended in PGR mix (0.2 riM ; 
20 each dNTP, 2.2 r^M Mgci^, 50 r-^ KCl , 10 r?-M Tris-HGl pH 9 . 0 , 0,1% 
Triton X-100) , at a concentration cf 10 - 30 ng/^1 . No primers,,, 
were added at this point. A reassembly program of 94 °C for 60 ; 
seconds, then 40 cycles' of r94°G for 30 seconds, 50-55°G for 30 , 
seconds, 72°C for 30 . seconds] and then 72^C for 5 minutes was,,. 
25 used in an MJ Research' (Watertown VJ-.) PTG-150 thermocycler . 

4) Amplification of Reassembly Product with primers 

After dilution of the reassembly product into the PGR m.ix 
with 0.8 MM of each primer (C and D) and 20 PGR cycles. [9^°C for 
30 seconds, 50°G for 30 seconds, 72=^C for 30 seconds] a' single 
30 product 900 bp in size was obtained. 

5) Cloning and analysis 

After digestion of the 900 bp product with the' terminal 
restriction enzyme Sfil and agarose gel purification,, the 900 bp 
product was ligated into the vector pUG182Sfi at the unique 5fil 
35 site with T4 DNA ligase. (BRL, Gaithersburg MD) . The mixture was 
electroporated into . col i XLl-blue cells and plated on L3 
plates with 0.32-0.64 ^g/ml of cefotaxitne (SigT:\a, St. Louis MO). 
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The cells were grown for up to 2 4 hours af31'C and the resulting • 
colonies were scraped off the' plate as a pool and used as the PCR 
template for the next round of shuffling. 
6) Subsequent Reassembly Rounds 
5 The transformants obtained' after each of three rounds of 

shuffling were plated on increasing levels of cefotaxime^. The 
colonies (>100, to maintain diversity) from the plate with the 
highest level of cefotaxime were pooled and used as the template 
for the PCR reaction for the next found. . 

10 A mixture of the cefotaxime^ colonies obtained at 0.32-G.64 

Mg/ml in Step (5) above were used as the template for the next 
round, of shuffling. 10 ul of cells in LB broth were used as the 
template in a reassembly program of 10 minutes at 99»C, then 35. 
cycles of [94»C for, 30 seconds, 52°Cfor 30. seconds, 72»C for 30 

15 seconds) and then 5 minutes at 72 'C as described above. 

The reassembly products were digested and ligated into 
pUClS2Sfi as described in step (5); above. The .mixture was 

^ J ; ^_ " .-o ? ' y-. -hVmg cells and olated on L3 
electroporated into . coi~ • ^- ue^^^ o . 

Dlates having 5-10 ^g/ml of cefotaxime. . • ' 

20 " colonies obtained at 5-10 .:;g/ml- were used for a third round 
similar to 'the first and second rounds except the cells were 
olated on LB plates having .80-160 |ig/ml of. cefotaxime. After the ' 
third round, colonies ' were obtained at 80-160 ^g/ul, and after 
replating on increasing concentrations of cefotaxime, colonies 
25 could be obtained- at u? to 320 fig/ml after 24 hours at 37 «C 

(MIC-320 Mg/!^i) • 

Grov.^h on cefotaxime .is dependent on the cell density, 
requiring that all the MICs be standardized (in our case to about 
1,000 cells per plate). At. higher cell densities, gro'wth at up 
30 to 1280 Mg/nl- was obtained.. The 5 largest colonies grown at. 
1,230 ^ig/ml were plated for single colonies twice, and the Sfil 
inserts were analyzed by restriction mapping of the colony PCR 
products . 

one mutant was' obtained with a 16,000 fold increased 
3 5 resistance to cefotaxime (HIC=0 . 02 'Aig/ml to MIC=320 ^9/^1). . 

After selection, the plasmid of selected clones was 
transferred back into wild-type E. coli XLl-blue cells 
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(-Stratagene, San Diego CA) to ensure that none of the measured 
drug resistance was due to chromosonal mutations. 

Three cycles of shuffling and selection yielded a 1.6 x lO"^- 
fold increase in the minimum inhibitory concentration of the 
5 ■ extended broad spectrum, antibiotic cefotaxime for the TEM-1 
betalactamase. In contrast , repeated plating without shuffling 
resulted in only a 16-fold increase in resistance (error-prone 
PCR or cassette mutagenesis) , 
7) Sequence analysis 

10 All 5 of the largest colonies grown at 1., 280 ^g/ral had a 

restriction map identical to the wild-type TEM-1 enzyme. The 
Sfil insert of the plasmid obtained from one of. these colonies 
was sequenced by dideoxy .DiiA sequencing (United States 
Biochemical Co., Cleveland OH) according to the manufacturer's 

15 instructions. All the base numbers correspond to the revised 
p3H322 sequence (2S), and the ar.ino acid numbers correspond to 
the A3L standard r-u"bering sche-e (30) . The amino acids are 
designated bv their three' letter codes and the nucleotides by 
their one lerter codes. The terr. G4 205A means that nucleotide 

20 4205 was chanced fro- cuanidine tc adenine. 

Nine single base substitutions, were found. G4205A is 
located between the -35 and -10 sites of the betalactamase P3 
oromoter (31) • The Dromoter up--utant observed by Chen and 
Clowes (31) is located outside of the Sfil fragment used here, 

25 and thus could not have been detected. Four mutations • were 
silent (A36'39G, G3713A, G3934A and T3959A), and four resulted in 
an amino acid change (C3h4BT resulting in Gly233Ser, A3515G 
resulting in MetlS2Thr; C3o50T resulting in Glul04Lys, and G4107A 
resulting in AlalSVal)-. , ' 

'30 3 ) 'Molecular Backcross 

Molecular bacKcrossing with an excess of the wild-type DMA- 
was then used in order to eliminate non-essential mutations. 

Molecular backcrossing was conducted on a selected plasmid 
from the third round of DNA shuffling by the miethod. identical to. 

35 normal shuffling as described above, except that the DNAsel 
digestion and shuffling reaction were performed in the presence - 
of a 40-fold excess of wild-type TEM-1 gene fragment. To make 
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■ the backcross more efficient, very small DNA fragments (30 to 100 . 
"bp) were used in the shuffling reaction. The backcrossed mutants ^ 

• were, again selected on LB plates with 80-160 Mg/^l of cefotaxime 

(Sigma, St. Louis MG).. . 
5 . This backcross shuffling was . repeated with DNA from 

colonies from the first backcross round in the presence of a 40- 
. ■■ fold excess of wild-type TEM-1 DNA. Small DNA fragments (30-100 
bp) were used- to increase the efficiency of the backcross.. The; 
second round of backcrossed mutants were again selected on LB 
10 plates with. 80-160 Mg/ral. of cefotaxime. 

The- resulting transf ormants were plated on 160 ng/nl of , 
• cefotaximev and a pool of colonies was replated on increasing 
levels of cef otaxime up' to . 1 , 280 : ;;g/ml . The. largest colony 
obtained at 1,280 ^g/ml was replated' for single colonies. " 

This backcrossed mutant' was 32,000 fold more resistant than 
„Od-tyoe.. (MIC=640 ^g/nl) The r.utant strain is 64-fold more , 
>-os^stant to cefotaxime than previously reported clinical or ■ 
eng-'neered TEM-l-derived strains. Thus, it appears that DNA 
shuffling is a fast and powerful tool for at least several cycles ' 
of d^^ected molecular ev'olution. 

. ^The DNA seouence of the Sfil insert of the backcrossed . 
.u-.nt was determined using a dideoxy DNA sequencing kit (United . 
S-a'-es Biochemical Co.; Cleveland OH) according ■ to the 
• ■ nanu-^acturer's instructions (Table 3). The mutant had 9. single 
25 ^baso oair 'mutations. As expected, all four, of the previously. 

■ identified silent mutations were lost, reverting to the sequence 
o- -ho wild-type gene. The promoter mutation (G4205A) as. well 

■ as tH^ee of the four amino acid mutations (ciulOALys, Metl82Thr, ' 
and. Gly23-8Ser) remained in the backcrossed clone, suggesting that ' 
30 th.y are essential for high level, cefotaxime resistance.. 

■ Howeve>- two new silent mutations .(T3842C and A3767G)., as well 
as three new mutations resulting m amino. acid changes were found 

■ (C3441T resulting in Arg241His, C3886T resulting in Gly92Ser, and 
G4035C resulting in Ala42Gly) • While these two silent mutations 
do not affect the protein primary sequence, they may influence 
protein expression level (for example by mRNA structure) and 
possibly even protein folding (by changing the codon usage and 
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Mutation Type 

amino acid 
change 



silent 



Table 3 
Mutations in Betalactamase 



Non-Backer OS sed 

AlalSLys 
Glul04Lys 
Metis 2Thr 
Gly238Ser 



T3959A 
G3934A 
G3713A, 
A3689G 



Backcrossed 



Glul04Lys 
Metl82Thr 
Gly238Ser 
Ala42Gly . 
Giy92Ser 



2 0 iDror.otei 



G4205A 



T3842C 
A3 7 6 7G 

G4 2 05A 



3oth the hacKcrossed and the non-backcrossed nutants have 
a proTT^oter -utat ion -( which , by itself or ■ m ccmbinatior: results' 
in a 2-3 fold i-crease in expression level-) as well as three 
25 CO— on anino acid changes {ClulOAL'/s , Metl32Thr and Gly23 3Ser) . 
Glul04Lys and Giy23oSer are nutations . that are preisent in several 
cefotaxime resistant or other derivatives ; (Table ^4 ) . 

9) Expression Level Co-pan son 

The " exoression. level of the be ta iacta-ase gene in the wild- 
30 type plasniid, the non-backer ossed nutant ■ and in the backcrossed 
/ nutant was compared by SDS-polyacry lar:- ide^ce 1 electrophoresis .(4-_ 
20%; Novex, San Diegc CA) of periplasiuic Extracts prepared by ^ 
o5r:Otic shock according tO' the method of Withoit , 3. (32). 

Purified TE.M-1 betalactamase (Sigrr.a, St. Louis MO) was used; 
35 as a molecular weight -standard, and E. coll X LI -blue cells 
lacking, a- plasmid were used as a '^negative .control . ■ 

The mutant and the backcrossed mutant appeared to produce 
a 2-3 fold' higher level of the betalactamase protein compared to 
* • the'wild-type gene. The promoter mutation appeared to result in 
40 a' 2-3 times increase in betalactamase. 



Example 6. Construction oi 
beta lactamase gene 



"utant com.binations of the TEM-1 
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To deterinine the resistance of different combinations of 
mutations and to compare the new mutants to published mutants, 
several mutants were constructed into an identical plasmid 
background. Two of the mutations, Glul04Lys and .Gly238Ser, are 
known as cefotaxime mutants . All mutant' combinations constructed 
had the promoter mutation, to allow comparison to selected 
mutants. The results are shown in Table 4. 

Specific combinations of mutations were introduced into the 
wild-type pUC182Sfi by PGR, using two' oligonucleotides per 
mutation. 

The oligonucleotides to obtain the following mutations were: 
Ala42Gly 

(SEQ ID NO: 11) AGTTGGGTGGACGAGTGGGTTACATCGAACT and (SEQ ID. NO: 12) 
.^^nCCGAGTGGTCGACGGA^^GTGATGTTCAGCAT ; ■ 
Gln39Ly3: 

(SEQ ID >:0:13) AGTAA^-.AGATGCTGAAG ATi--\GTTGGGTGCAC GAGTGGGTT and 

(SEQ ID NO: 1m) AOTTATGTTGAGGATCTTTTACTT ; 

Gly92Ser: 

(SEQ ID N'0:15) A-AGAGC.-^ACTCAGTCGCCGCATAGACTATTCT and (SEQ ID 

NO: 16) ATGGGGGGG AGTGAGTTGGTCTTGGGGGGCGTGAAT ; 

GlulO^Lys: 

(SEQ ID N'0:17) TATTGTGAGA^ATGACTTGGTTA^AG T ACTCAGCAGT GAGAGA^A and 

(SEQ ID N'0:lo) TTr-AGGA^AGTGATTCTGAGA^AT ; 

Metl82Thr: 

(SEQ ID N^0:19) AJ-.GGAGGAGGGTGAGAGCAGGACGCCTGTAGGA^.TG and (SEQ ID 
NO: 20) TCGTGGTGTCAGGCTGGTGGTT; 
Gly238Ser alone: 

(SEQ ID NO: 21) TTGCTGATAAA.TCTGGAGCCAGTGAGCGTGGGTCTC GCGGTA and 
(SEQ ID NO: 22) TGGCTCCAGATTTATCAGCA^ ; 
Gly238Ser and Arg241Hi3 (conibined) : ' 
(SEQ ID NO: 23) ATGCTCACTGGGTCCAGATTTATCAGCA„AT and 
(SEQ ID NO: 24) T CTGGAGCCAGTGAGCATGGGTCTCGCGGTATCATT ; G4205A: 
(SEQ ID NO: 25) AACCTGTCC T GGCCACCATGGCCTAAATACAATCAAA 

TATGTATCCGCTTATGAGACAATAACCCTGATA . 

These separate PGR f racp.ents .were gel purified away from the 
synthetic oligonucleotides. 10 ng of each fragment were combined 
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and a reassembly reaction was performed at 94 »C for 1 minute and 
then 25 cycles; [94»C for 30 sec, 50»C for 30 seconds and 72=0 
for 4 5 seconds]. PCR was performed on the reassembly product for 
25 cycles in. the presence of the SJfil-containing outside primers 
(primers C and D from Example 5) . The DNA was digested with Sfil. 
and inserted into the wild-type pUC182Sfi vector. The following 
mutant combinations were obtained (Table 4). 

' Table 4 



Name 


Genotype 


MIC 


Source 
of MIC 


TEM-1 


Wild-type 


0.02 






Glul04Lys 


0.08 


10 




Gly238Ser 


016 


10 


TEM-15 


Glul04Lys/Gly238Ser* 


10 




TEM-3 


Glul04,Lys/Gly2 3SSer/Gln3 9Lys 


10 

2-3 2 


37, 15 


ST-4 


GlulC4Lys/Giy2 3SSer/MetiS2 . 
Thr* 


10 ■ 




ST-1 


Glul04Lvs/Gly238Ser/Meti3^2 ^ 
Thr/Alai8Val/T39 59A/G3713A/ 
G3934A/A3689G* 


3 20 




ST-2 


Giul04Lys/Gly2 33Ser /Metis 2Thr 
/Ala4 2Gly/Gly9 2Ser/Arg2 4 1His/ 
T3842C/A376,7G* 


64 0 . 




ST-3 


Glul04Ly5/Gly23 8Ser/Metl3 2Thr 
/Ala4 2Glv/Gly9 2Ser/Arg2 41His 


64 0 





* All of these mutants .additionally contain the G4205A promoter . 
mutation ..... 

It was concluded that, conserved mutations account for 9 o.f 

15 doublings in the MIC. . 

Glul04Lys alone was shown to- result only^ in a doubling of 
.the MiC to o'.03 ..ug/nl, and Gly23BSer (in several contexts with 
one additional amino acid change) resulted only in a MIC of 0.16 
^g/ml (26) . The double mutant Glul04Lys/Gly238Ser has a MIC of 
10 pg/ml. This mutant corresponds to TEM-15. 

- These same Glul04Lys and Gly238Ser mutations, in combination 
with Gln39Lys (TEM-3) or Thr263Met (TEM-4) result in a high level 
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of resistance (2-32 ^g/i^l ^^r TEM-3 and 8-J3.2 ^g/nil for TEM-4- (34v 
35)'.,. ' .3 . 

A mutant containing the three amino acid changes .that were 
conserved" after the backcross (Glul04Lys/Metl82Thr/Gly238Ser) 
also had a MIC of 10 /i'g/ml.' This meant that the mutations that, 
each of the new selected mutants . had in addition to . the ^ three 
known mutations were "responsible for a. further 32 to 64-fold 
increase in the resistance of the gene to cefotaxime. 

The naturally . occurring, ■ clinical TEM-l-derived enzymes 
(TEM-1-19) each contain' a different combination of only 5-7 
identical mutations (reviews) . Since these mutations are in well, 
separated locations in the gene, a mutant with high cefotaxime 
resistance cannot be obtained by cassette mutagenesis of a single 
area. This may explain why the maximum MIC that was obtained by 
the standard cassette mutagenesis approach is only 0.64 ug/ml 
(26). For example, both the Glul04Lys as well as the Gly23SSer 
nutations were found separately in this s.tudy to have MICs below 
0 : 16. ,^q./ml . 'Use of DNA shuffling* allowed- combina tor ia li ty and 
thus -the Glu.l04Lys/Gly23SSGr combination, was found, with a MIC 
of 10 ug/ml. 

An important lir.itaticn of this example _ is the use . of a 
single gene as a starting point. It is contemplated that ■ better 
combinations can be found if a .large number of related, -naturally 
occurring genes are shuffled. The diversity that ;is present in 
such a mixture is more meaningful than. the random mutations that 
are generated by mutagenic shuffling.. For example, it is 
contemplated that one could use ,a repertoire of related genes 
from a single species, such as the pre-existing diversity of the ' 
ii-Lmune system, or' related genes obtained from many ■ different 
species. . ' ' 

Example 7.' Improvement of antibody A103 bv D\lK shuffling of a 
librarv of all six mutant CDRs . - 

The A103. scFv antibody, a mouse anti-rabbit IgG,-was a gift, 
from Pharmacia (Milwaukee WI). The commercially available 
Pharmacia phage display system was used, which .uses the pCANTABS 
phage display vector. 



123- 



wo .97/20078 ' PCT/US96/19256 

The original AlOB antibody reproducibly had^ only a low 
avidity, since clones that only bound weakly to iirmtobilized 
antigen (rabbit IgG) , (as measured by phage ELISA (Pharmacia 
'assay kit)' or by phage titer) wejre obtained. . The concentration 
of .rabbit IgG which yielded 50% inhibition of the AlOB antibody 
binding in .a' competition assay was 13. pipomolar. ' -The observed 
low avidity may alsb.-b'e due to instability of the AlOB clone. 

The. AlOB scFv DNA' was- sequenced. (United States Biochemical 
Co., Cleveland'OH) according to the manufacturer's, instructions. 
The' sequence was. similar to\ ' existing antibodies, based on 
comparison. ;to Kabat (33). , ' , . 

1) Preparation of phage DMA 

Phage DNA having 'the AlOB. wild-type antibody, gene (10 ul) ' 
was - incubated at 9.9 ^'C for. 10 min, then at 7 2 ''C for 2 min. , PGR 
mix (50 mM KCl, 10 mM, Tris-HCl pH 9.0, 0.1% Triron X-100, 2-0 0. ,uM. 
each' dNTp"; 1 . 9 'ruM. f^fgCl ) , 0 , S prri of each primer and,'0.5 ^ITaqDNA 
■Pol/m.erase (Promega, Madison /WI ) was added zo rhe, phage DN'A: A,. 
PGR 'program was' run for- 35. cycles or [30 seconds at, 94''C,-.30; 
seconds;at AS'^C, 45 seconds at 72^01. ' The prin^.ers used-.were: ■ 
5''- ATGATTACGCC.i-:\GCTTT 3' JSEQ ID N*O:260 and . ' : 
'5' TTGTCGTCTTTCCAGACGT.T 3 ' (SEQ 'ID N'G:27) . 

The 850 bp PGR product was the": elecrrophoresed and purified 
'from' a' 2% low melting point, agarose', gel . . • , . • 

2 ) Fra'gme.ntat ion . ■ . . . , ■ , . ' 

300 ng of the. gel purified 850^ bp band was digested' with 
OMS' units of 'DNAse I (Sigr^.ai St. Louis MO) in 50-m]'^ Tris-HCl pH.- 
7.5, 10 mi< MgCl'for.ZO minutes at 'room. -temperature . The digeste'd 
'DNA was' separated 'qn a 2% low melting point agarose, gel and bands 
between,. 50- and ■■200''bp w'ere 'purif ied^.from the gel. : . ^, . 
3) ' Const-ruction of Test Library - . .. . 

/The' purpose of this experiment -was to test , whether the 
insertion of the CDRs would be efficient. . . 

The following CDR sequencesi having internal restriction 
enzNone sites were synthesized. "GDR H" means a GDR in the heavy 
chaiji and "CDR L" means a GDR in the light chain of the antibody. 
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CDR Oligos with restriction sites: 
CDR HI (SEQ ID NO: 34) 

5 *TTCTGGCTACATCTTCACAGAATTCATCTAGATTTGGGTGAGGCAGACGCCTGAA3 ' 
CDR H2 (SEQ ID NO: 35) 

5 ' ACAGGGACTTGAGTGGATTGGAATCACAGTCAAGCTTATCCTTTATCTCAGGTCTCGAGT 
TCCAAGTACTTAAAGGGCCACACTGAGTGTA 3 ' 
CDR^ H3 (SEQ ID NO: 36) 

5 •TGTCTATTTCTGTGCTAGATCTTGACTGCAGTCTTATACGAGGATCCATTGGGGCCAAGG 

GACCAGGTCA 3 ' 

CDR LI (SEQ ID NO: 37) 

5 • AGAGGGTCACCATGACCTGCGGACGTCTTTAAGCGATCGGGCTGATGGCCTGGTACCAAC 

AGAAGCCTGGAT 3 ' 

CDR L2 (SEQ ID NO: 3S) 

5'TCCCCCAGACTCCTGATTTATTr^^GGGAGATCT.^.\-^CAGCTGTTGGTCCCTTTTCGCTTCAGT 
3 ' 

CDR L3 (SEQ ID NO: 39; 

5 ' A T G C T G C C A C T T A T T A C 7 G C TT CT G C G C G C T T rJ-J-. G G AT A T C T T C A TTT C G G A G G G G G G A 
CCAJvGCT 3 • 

The CDR oligos vere added to the OLirified AlOE anribody DNA 
fragrienrs of betweer. 50 to 200 bp from step (2) above at a 10 
fold "olar excess. The ?C? -ix (50 n^-l-KCl, 10 r^. Tris-HCl pH 
9.0, 0.1% Triton x-ioo, 1.5 t?2', MgCl, 200 each dNT?, 0.3 pi • 
Taq DNA pody^ierase (Prc-eca, Madison WI), 50 ul total volur.e) vas . 
added and the shuffling orocra- run for 1 rain at 94°C, 1 -in at, 
12°C, and then 35 cycles: 30 seconds at 94^*0, 30 seconds at 55°C, 
3 0 seconds at 7 2^C. 

1 fj.1 of the shuffled mixture vas added tc 100 ul of a PGR 
nix (50 rJ-l-KCl, 10 :?y. Tris-HCl pH 5.0, 0.1% Triton X-100, 200 pm 
each dNT?, 1.9 r_M MgCl, o.S each of the two outside primers 
(SEQ ID N0:25 and 27, see belov) , 0.5 ul Taq DNA pol^^T^.erase j and 
the PCR progran was run for 30 cycles of [30 seconds at 94.«C, 30 
seconds at 45=0, 45 seconds at 72°C]. The resulting mixture of 
DNA fragrt^ents of 350 basepair size vas phenol / chloroform 
extracted and ethanol precipitated. 

, The outside primers were: 
Outside Primer 1: SEQ ID N'C:27 
5 ' TTGTCGTCTTTCCAGACGTT 3 ' 
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Outside* Primer 2: SEQ ID NO:26 

S» ATGATTACGCCAAGCTTT 3' ' ' 

The ' 8 50 bp PGR, product was digested with the reistriction 
enzymes. Sfil and, NotI , , purified from a low melting point agarose 
'gel/ and ligated into the^ pCA.VTAB5 expres.sion vector obtained^ 
from Pharmacia,, Milwaukee WI. , The ligated vector was 
electroporated according to the method set forth by Invitrogen 
(S^an Diego ' GA) into TGI ^cells (Pharmacia, Milwaukee ' WI) and 
plated for ' single colonies. 

-.The^ DNA: ,f rom the resulting . colonies .was added 'to 100 ^1 of 
a PGR mix (50:,mM KGl, 10 mM Tris-HCl pH 9^. 0 , 0 . 1%. Triton X-100, 
200 each dNTP, 1.-9 mM MgCl , o.6' of' Outside primer 1 (SEQ 
ID No. 27; see' below) six inside primers (SEQ ID NOS::4G-45; see' 
below) / and 0. 5 Taq. DNA poly^.er a se ) and a PGR program was run 
for 35. cycles ot/[20 seconds ^a-t 94=C, 30 seconds at Ao^'C, 45 * 
seconds 'at 72'°G] : The sizes of the, PGR products were determined 
by agarose^ gel ^electrophoresis,^ and were used to ;determine which 
CDRs with restriction sites were inserted, ' ■ : . . ■ 

CDR Inside .'Primers , > . . . 

H 1 (SEQ ID N0:-40). 5' 'aG^.-.TTCATCTAGATTTG 3'> , ^. . 

GCTTATGCTTTATGTGAGGTC ■ 3 ' , 

AGTGCAGTCTTATAGGAGGAT 3' ' ^ ' , 

GACGTGTTTA^AGCGATGG 3', * 
TA^-.GGGAGATCTA-AA.CAG 3 ' / 
TCTGCGCGGTTA^.AGGAT ^3 * 
' The six synthetic CDRs 'were .'inserted - at the expected 
locations in the wild-type A103. antibody DNA (Figure 7). These 
studies showed that .while each .of ^the six GDRs ' in a specific, 
clone has a small ■chance of, being .a CDR with a restriction site, 
most "of ■ the 'diones ■ barried at" least one CDR .with a restriction 
site, and that any possible czci^.bi nation of GDRs with restriction 
sites was gen^erated. 

4) Construction of Mutant Complementarity Determining Regions 

( "GDRs" ) . ■ . , 

• Based on our sequence data-, six oligonucleotides 
corresponding to the six CDRs were made. The GDRs (Kabat 
definition) were synthetically mutagenized at a ratio of 70 
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K 2 CSEQ .ID NO : 4 1) 5 

H 3 ^(SEQ ID - KO: 4 2 j 5 

L 1 CSEQ 'ID NO'^43) , 5 

L 2 (SEQ ID. NO: 4 4)' 5 

L 3, '(SEQ'- ID *;;a.: 4 5) - 5 
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(existing base) : 10 : 10 : 10, and were flanked on the 5 ' and 3 ' sides 
by about 20 bases of flanking sequence, which provide the 
homology for the incorporation of the CDRs when mixed into a 
mixture of unmutagenized antibody gene fragments in a molar 
excess. The resulting mutant sequences are given below.. 
Oligos for CDR Library 
CDR El (SEQ ID NO: 28) 

, , rpry.pqnf:;p^(^rp;^^;^rp^<prp^;^c;:^ c>r.rATGATATAGACT GGGTGAGGCAGACGCCTGAA 3 ' 
CDR H2 (SEQ ID NO : 2 9 ) 

5 ' ArAr,r,r:ArTTGAr,TGGATTGGA TGGATTTTTCCTGGAGAGGGTGGTACTGAATACAATGA 
GAAGTTCAAGGGC AGGGCCACACTGAGTGTA 3 ' 
CDR H3 (SEQ ID NO: 3 0) 

5 ' Tr,TrTATTTrTr>TGCTAGA GGGGACTACTATAGGCGCTACTTTGACTTG TGGGGCCAJvGG 

GACCACGGTCA 3 ' 

CDR LI (SEQ ID NO: 31) 

5 ' Ar,Arr.r-TrACCATGACCTGCA GTGCCAGCTCAGGTATACGTTACATATA TToGTACC.-^^.C 

AGAAGCCTGGAT 3 ' 

CDR L2 (SEQ ID NO: 32 ) 

5 ' rrrcrrAGACTC-CTGATTTAT GACACATCCAACGTGGCTCCTGGA GTCCCTTTTCGCTTCAGT 
3 ' 

CDR - L 3 -(SEQ ID N . ' 0 : 3 3 ) 

5 ' ^Tr.r-^nrr;^. r^TATTACTTGCC AGGAGTGGAGTGGTTATCCGTACACGT TCGGAGGGGGG 
ACCAAGCT 3 ' . 

Bold and underlined sequences were the "urant sequences 
synthesized usir.c a "ixture of nucleosides of , 7 0 : 10 : 1 0': 10 vhere 
70% was the vild-type nucleoside. 

A 10 fold molar excess of the CDR ir^utant oiicos were added 
to the purified . A103 antibody. DNA fragm.ents between 50 200 bp 
in length frc- step (2) above. The ?CR nix (50 ttl^'^I KCl, 10 niM 
Tris-HCl pH 9.0, 0.1% Triton x-10-0, 1.9 rrJ-l MgCi\ 2 00 each 
dNTP, 0.3 ul Taq D^^A po 1 v^rLerase (?ron\ega, Madison WI), 50 
total volur.e) was added and the shuffling program run 'for 1 min 
at 9^.°C, 1 nin at 72°C, and then 35 cycles: [30 seconds at 94°C, 
30 seconds at 55^C, 30 seconds at 72"Ci. 

- 1 Ml of "ttie shuffled nixture was added to 1-00 ^1 of a PGR 
nix (50 mM KCl, 10 Tris-HCl pH.9.0, 0.1% Triton X-100, 200 ^n 
each dNTP, 1.9 n>l MgCl, o.. 6 pV. each of the two outside- priners 



wo 97/20078 



PCT/US96/19256 



(SEQ ID NO:26 and 27, see below), 0.5 ^1 Taq DNA polymerase) and 
-the PGR program was run for 30 cycles of ,[ 30 seconds at. 94°C, 30 
seconds at 45«C, 45 seconds at 72«C], The resulting mixture of 
DNA .fragments of 850 basepair size, was phenol/chloroform, 
5 extracted and ethanol precipitated. 
The outside primers were: 
^Outside Primer 1: SEQ ID NO: 27 5' TTGTCGTCTTTCGAGACGTT, 3 ' 
outside Primer 2: SEQ ID NO: 26 5' ATGATTACGCCAAGCTTT 3' 

5) , Cloning of the scFv antibody DNA into pCANTABS 

10 The 850 bp PGR product was digested with, the, restriction 

enzymes SfiX and NotI, purified f rbm low melting point agarose 
gel, and ligated, into the pCANTABS expression vector obtained... 
fron Pharmacia, Milwaukee ,WI. The ligated vector was 
^electrpporated according to the r.ethod set forth by ■ Invi trogen 
15 (San Diego, CA) into TGI cells (Phar-acia, Milwa.ukee WI)' and the, 
■phage library was grown, up using helper phage following the- 
guidelines recommended by the manufacturer. 

The> library that was .generated in this fashion was sc::eened 
for 'the' presence ''of improved antibodies; using six cycles of ^ 
20 selection . 

6) Selection of high affinity clones. 

' 15 wells of a 96 -well microtiter plate were coated with ■ 
Rabbit IgG (Jackson I — unoresearch. Bar Harbor .ME) "at 10 pgVwell ■ 
for 1 'hour 'at 37°G, and' then blocked with 2% non-fat dry milk in 
25 PBS for 1 hour at 37°C/ ■ 

100 ul of 'the ohage library {IxlO'^ cfu) was' blocked with 
100 ul of 2% milk for 30 minutes at room temperature, 'and^then 
. added to each of the '15 wells and incubated for 1 hour at 37 °C. 

Then the wellS' were washed three times with PBS containing 
30 0.5% T'ween-20 at 37°C for 10 minutes per wash. Bound phage was 
eluted with 100 pi elution buffer (Glycihe-HCl, pH. 2'.2) , followed 
by .'imm.ediate neutralization with 2M Tris pH 7.^ and transfection 
for' phage production. This selection cycle was repeated six 
times. 

35 After the sixth cycle, individual phage clones were picked 

and the relative affinities were compared by phage ELISA, and the 
■'Specif icity for the rabbit IgG was assayed with a kit from 
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Pharmacia (Milwaukee WI) according to the nethods recomir.ended by- 
the manufacturer. 

The best clone has an approximately 100-fold improved 
expression level compared with the wild-type AlOB when tested by 
5 the Western assay. The concentration of the rabbit IgG which 
yielded 50% inhibition in a competition -assay with the best clone 
was 1 picomolar. The best clone was reproducibly specific for 
rabbit antigen. The number of copies of the antibody displayed 
by the phage appears to be increased. 

10 ' . 

Example 3. In vivo . recombination via direct repeats of 

partial genes 

A piasmid was constructed with two partial, j.nactive copies 
of the same gene (beta-Iactanase) demonstrate that 

15 recombir.atiori between the co"on areas of these two direct 
repeals leads to f u 1 i - ler^g th , act-ive reco-binant genes. 

A dUCIS derivative . carrying the bacterial T£>:-1,> 
betalactamase gene was used (Vanish-Perron e:: al., 15E5, Gene ^ 
33:103-119 ). The TEM-1 be ta lac rar.ase gene ("3la"} confers^ 

20 resistance to bacteria against approxirr.a tely G.02 .::g/mi of 
cefGta>:i-e. Sfil restriction sites were added 5' of the promoter 
and' 3 ' of the end of the be ta lactanase gene by ?C?, of the vector ^ 
sequence with two priners: ^ 
Primer A (SEQ ID NO: 4 5) • ' 

2 5 5 ' TTCTATTG.-.CGGCCTGTCAGGCCTCATAT.-.TACTTTAG.-.TTGATTT 3 ' 

PRIMIP E (SEQ ID NO: 4 7) 

5 • T T G A C G C A C 7 G G C C A T G G T G G C G ^ J-J^J^J^. T r^----. G T A G G G G T T C C G C G C A C 
ATTT 3 ' 

and. by PGR of the beta- lactanase gene sequence witn two other 
30 pri-ers: 

?riT?.er C (SEQ ID N'0 : 43) 

5 ' .:-„i.CTGACCACGGCCTGACAGGCCGGTGTGAGAGTT ACC.-„^TGCTT 3 ' 
Priner D (SEQ ID NO: 49) 

5' i^^CCTGTCCTGGCCACCATGGCCTAJ-^-.TACATTCAAJ.TATGTAT 3' 
35 The two reaction products were digested with Siil, nixed, 

ligated and used to transform, competent E. coli bacteria by the 
procedure described below. The resulting piasmid was pUClS2Sfi- 
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Bla-Sfi. This plasmid contains an Sfil fragnent carrying the Bla- 
gene and the P-3 pronoter. ■ 

The minimum inhibitory concentration of cefotaxime for Z. 
coli XLl-blue (Stratagene, San Diego CA) carrying pUC182Sfi-Bla- 
Sfi was 0.02 Mg/inl after 24 hours at ST'C. 

The tetracycline gene of pBR322 was cloned into pUClSSfi- ■ 
Bla-Sfi using the ' homologous areas, resulting in pBR322TetSf i- ' 
Bla-Sfi. The TEM-1 gene was then deleted . by restriction 
digestion of ' the pBR322TetSf i-Bla-Sf i with Sspl and Fspl and 
blunt-end ligation,- resulting in pUC322TetSfi-Sfi. 

■ overlapping regions of the- TEM-1 gene were ■amplified using 
standard PGR techniques and the following primers:. 

Primer' 2650 (SEQ ID KO: 50) 5' TTCTTAGACGTCAGGTGGCACTT 3' 
Primer 2493 - (S.EQ ID NO: SI). 5.' TTT T.^ ATC AAT CTA AAG TAT ■ 3 ' 
p r i-m e r ' 2 5 5 1 (SEQ , I D K O : 5 2-)- 5 ' 

PriiT^er " 2 65 2 ..(SZQ'.ID NO:; 53)^ 

ACCAC'TTCTCCACACTCGTGGATGAGCA-CTTTT,"--^".GTT , * • ' . 

■ ^The- two. resulting DNA fra~ents were digested with Sfil and 
SstXl and ixgated into the Sfi' -te;of p3R3 2 2TetSf i-5f i . The 
resulting- olasr;id wa:^ cal^e-^ p^..^..^^^^ 

, -J p'c; p c-^h^-a-'^c of intra.DlasTnidic recbmbinat ion ' 

plasn.id as well as .a s^ne...c--^^ lj^ , * . ^ 

■ • • ' nnp • b^ta-lactaTT.a.se is - shown in 

and reconstitution • ^u;.^^ionc^ ^^^.a . . . , . 

Figure 9 . ■ , . ^ ■ ' ■ 

•, The'blas-id vas elec-roporated into. , either TG-L or JC3679 
E.'doli cells. E. co-i 'JC3679 is RecBC sbcA (Oliner et al.,- 
v993,'naR 21:'5192) . ■ the cells were plated on •solid agar -plates 
' contlining tetracycline. Those colonies which grew, were then 
olated on sblidagar plates containing ■ 100 ^g/ml ampicillm and 
tho number of. viable colonies- counted. -The beta-lactamase gene 

• inserts, -in -those transf of mants which Z exhibited- ampicillm 
resistance were amplified by standard PCR techniques using 

• P.^.er 2650 (SEQ ID HO: 50) 5 ' ' TTCTTAG.^CGTC.AGGTGGCACTT 3.- and. 
Primer 2493 (SEQ ID NO: 51} 5' TTTT.AAATCAATCTA^^AGTAT 3' and the 
length of the insert measured. The presence of a 1 Kb .insert 
indicates that the gene was successfully recombined, as shown m 
Fig. 9 and Table 5 . 
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TABLL 5 



cell ^ 


Tet Colonies 


Amp colonies. 


Colony PCR 


TG-1 


131 


21 


3/3 at 1 kb 


JC8679 


123 


• 31 


4/4 at 1 kb 


vector 
control 


51 


0 





About 17-25% of the tetracycline-res istant colonies were 
also ampicillin-resistant and all of the Ampicillin resistant 
10 colonies had correctly recombined as determined by colony PCR. 
Therefore, partial genes located on the same plasmid will 
successfully recombine to create a functional gene. 
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Example 9. ' vivo rerombinatio n via direct. -repeats' of.- 

■— ~ ' ~ full-lenath genes. 

■ A piasmidWith two full-length copies of . different alleles 
of the beta-lactamase gene was. constructed. Homologous 
' 5 . .recombination of the two genes resulted in a single recombinant 
full-length copy of that gene. 

The construction of pBR322TetSf i-Sf i and pBR3 22TetSf i-Bla- 

Sfi was described above. 

The two alleles of the' beta-lactamase gene were constructed 
10 as follows. Two PGR reactions were conducted with pUC18Sfi-Bla- 
Sfi as the template. ' One reaction was conducted with the 
following primers, 
■primer 2650 (SEQ ID NO: 50) 5' TTCTTAGA.CGT.CAGGTGGCACTT 3' 

■Primer 2649 (SEQ ID NO: 51) ' ' ■ , 

15' 5' ATGGTAGTCCACGAGTGTGGTAGTGACAGGCCGGTCTGACAGTTA 

CCAATGCTT .3-' , . 

: The second PGR reaction was condu-ed with the foiiowinc; priners : , 

Primer 254 8 (SEQ ID N'O: 54) ' .. 

■ 5' tgtcactaccacactcgtggactaccatgg:gt.aa„atacattca-.--A 

2 0 TATGTAT 3' ' 

■ • /c-n TT^ ■ ^ = ^ — "^-^ '^A- ATC A„AT CTA A„AG TAT 3' ' 

.Primer 24.93 (S;:.Q iD .^o. o±) - -.f'-- 

„. ■ ..-^^^ = -. = -..pAac .->no with a' S' Sfii site and a 

■ Tnis yieice-a ^~.o ri^a ^ e4.es , -.i- .«•--••- 

ist.Vl .site and a 2'-Sfil site. 



25 



3' BstXi site, .the other 



a 



After digestion of these two genes. 



Lth. 3:st;'.'l and, Sfil, and 



igation into the Sr'il -digested pias-id . p3R3 2 2TetSf i-Sf i , a 



plasmid (pBR322-Sfi-25L.A-Sfi) with a tandem repeat of the Bla . 

gene was obtained. (See Figure 10). . • 

The plasmid was electropirated into_£. coli -cells. The 
30 cells were.- plated on solid agar' plates containing 15 ^g/ml 
tetracycpline. those colonies which grew,, were then, plated on 
solid Igar plates containing 100 pg/nl ■ampiciliin and the number 
of viable colonies ■ counted. The Bla inserts ' in those 
transformants which exhibited ampicillin resistance were 
35. amplified by standard PGR techniques using the method and'primers 
described in Example a.' The presence of a 1 kb insert -indicated 
that the duplicate genes had recom'bined, as indicated in Table 
6. • ■ 
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TABLE 6 



10 



15 



20 



25 



30 



Cell 


Teu Colonies 




Colonv PCR 


TG-1 


28 


54 


7/7 at Ikb 


JC8679 


149 


117 


3/3 at Ikb 


vector 
control 


51 


-0 





Colony PCR confirmed that the tandem repeat was efficiently 
recombined to form a single recombinant gene. 



Example 10. 



Multiple 



cycles 



of 



direct 



recombinarion - I nterolasm id ic 
In order to cererr.ine whether multiple cycles of 
recombination could be used * to produce resistant cells more ^ 
quickly, multiple cycles of the method described in Example 9^^ 
were performed. 

The minus recombination control consisted" of a single copy'' 
of the betalactamase gene, whereas the plus recombination 
experiment consisted of inserting two copies of betalactamase as^ 
a direct repeat. Tne tetracycline marker was used to equalize 
the number of colonies that were selected for cefotaxime- 
resistance in. each round, to compensate for ligation 
efficiencies . 

In the first round, p3R3 2 2Te tSf i -3la-5 f : was digested with 
Ecrl. and .subject to PCR with a .1:1 mix (I'ml) of normal and 
CadwGll PCR mix (Cadwell and Joyce (1992) PCR Methoji^^ ' 
AoDlications 2: 23-33) for error prone PCR. The PCR program was 
70^C for 2 minutes initially and then 30 cycles of 94°C for 30 
seconds, 52°C for 30 second and 72^C for 3 minutes and 6 seconds 
per cycle, followed by 72 °C for 10 minutes. 

The primers used in the PCR reaction to create the- one Bla 
gene control plasmid were Primer 2550 (SEQ ID NO: 50). and Primer 
2719 (SEQ., ID NO: 55) -5' TT;-.".GGGATTTTGGTCATGAGATT 3'. This 
resulted in a mixed, population of amplified DNA fragments/ 
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designated collectively as Fragment #59. These fragments had 
number of different mutations. 

•The primers used in two different. -PGR reactions to create 
the two Bla gene plasmids were Primer 2650'(SEQ.ID NO: 50) and 
Primer '2649 (SEQ ID NO:; 51) for the first gene and Primers 2648 
(SEQ ID NO: 54) and Primer 2719 (SEQ ID NO: 55) for the.. second 
gene. This resulted in a mixed population of each of the two 
amplified DNA fragments: Fragment #89 (amplified with primers 
2648 and 2719) and Fragment #90 (amplified with primers 2650 and 
2649). - In each case a number of different mutations had been 
introduced the mixed population of each of the fragments. 

After error prone PGR, the population of amplified DNA , 
^fragment. #59 was digested with Sfil, and then cloned into 
pBR322TetSf i-Sf i to create a Tr.ixed ■ population of the plasmid 
pBR322Sf i-Bla-Sf 

After, error prone PGR, the population of amplified DNA 
fragments #90 and #89 was digested wirh Sfil and SstXI at 
and 'ligated into pBR322TetSf i-Sf i. to create a mixed, population 
of the' plasmia •p3R32 2TetSf'i-2Bla-Sf i* (Fig. iO). 

The plasmids pBR3 2 2Sf i-3la-Sf i^ and pBR3 2 2 S f i-2Bla-Sfi ^ were 
electroporated ' into o . 'coii , JC8'67 9* and placed on agar plates, 
having' differing concentrations- of- cefotaxime to select for 
resistant strains and on tetracycline plates to titre. 

An equal number of colonies (based on the nunber of colonies 
growing on tetracycline)- were picked, grown in LB-tet and DNA 
extracted from the - colonies . This was one . round of the 
.recombination. This DNA was digested with Ecrl and used tor a 
second round of error-prone PGR as. described above. 

After five rounds the MIC (minimum inhibitory concentration) 
for cefotaxime for the one fragment plasmid was 0.32 whereas the 
MIC for the two fragment plasmid was 1.28. The results show that 
after five cycles the resistance obtained with recombination was 
four-fold higher in the presence of in vivo recombination. 

Example 11. In vivo recombination via elec troporat ion of 

f raoT-ients 
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Competent -E . coli cells containing pUClSSf i-Bla-Sf i were- 
prepared- as described. Plasmid pUClSSf i-Bla-Sf i contains the 
standard ,TEM-1 beta-lactamase gene as described, supra. 

A TEM-1 derived, cefotaxime resistance gene from pUClSSf i-- 
cef-Sfi, (clone ST2) (Stemmer WPC (1994) Nature 370: 389-91, 
incorporated herein by reference) which confers on £. coli 
carrying the plasmid an MIC of 640 }^g/ml for cefotaxime, was 
obtained. In one experiment the complete plasmid pUClSSf i-cef - 
Sfi'DNA was electroporated into E. coli cells having the plasmid 
pUClSSf i-Bia-Sf i. 

In another experiment the DNA fragment containing the 
cefotaxime gene from pUClSSf i-cef -Sf i was amplified by PCR using 
the primers 2650 (SEQ ID NO: 50) and 2719 (SEQ ID NO:, 55) . The 
resulting 1 kb PCR product was digested into DNA fragrsents of 
<100 bp by DNase and these fragments were electroporated into the 
comoetent E. coll cells which alreadv contained pUClSSf i-3ia-Sf 1 , 
The transformed cells frc- both experiments were then 
assayed for their resistance to cefotaxime by plating the 
transformed ceils onto agar plates having varying concentrations 
of cefotaxime. The results are indicated in Table 7, 

TABLE ■ 7 

t 

Colonies/ Cefotaxime Concentration . 



r ' j 1 

0 . 15 j 0 . :- 2 


1.23 


5 . 0 


10. 0 


no D;iA control | 1-^ 




■ j 




ST-2 mutant, 'whole 




4000 


2000 


3 00 


400 1 


ST-2 mutant, fragr.ents 




1000 


120 


2 2 


7 


Wild type , whole 










Wildtype , fragments 


1 

IS 1 









From the results it appears that the whole ST-2 Cef gene was 
inserted into either the bacterial genome or the plasmid after 
electroporation . Because most insertions are homologous, it is 
expected that the gene was inserted into the plasmid, replacing 
the wildtype gene. The fragm.ents of the Cef gene from St-2 also 
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inserted efficiently into the wild-type gene in the ,plasinid. ; No- • 
' sriarp. increase . in cef otaxirie resistance was observed with the 
introduction of the wildtype gene (whole or in fragments) and.no 
DNA.. Therefore/ the ST-2 fragments w.ere shown to : yield, much r 
5 greater cefotaxime- resistance than' the ^ wild-type fragments. 

It .was contemplated' that, repeated insertions of fragments-, . 
prepared from increasing resistant gene.; pools would lead to v 
' increasing resistance. 

Accordingly/ those' colonies .that produced increased 
10 . cefotaxime res isitance with the St-2 gene fragments were isolated ' 
^ , and the plasmid DNA extracted,' This DNA ^was/ ainplif ied 'Using: PGR ■ , v 
by the method' described above. ' The -amplified DNA was - digested 
with DNase into fragments {<100 bp) and 2-4, ixg'ot the fragments,^ 
'were " electroporated into conperent ' Z . ■ cold cells already 
15' containing pUC3 2 2Sf i-31a-5f i as described above. The- transformed 
cells 'were plated on agar containing varying concentrations, of 

cefotaxime . - - .■ ■' , ' , ' ■ . - ' 

As a' control"/, conpeTient ,£'. coi i', eel Is ha ving the^ plasmid ■ 
pUClSSf i-Kan-Sf i .were' also "used/^ DNA 'fragments from the ' 
2 0. digestion ' ' of the PGR product ' ' d? ' pUCissf i-cef -Sf i' were ' 
electroporated. i^nto ' thes.e; eel is ,^ ■ There is no homology between 
'. the kanamycin gene and . the' •be-a-iactamase gene and-, thus . , , 
/recombination should not .occur. ^ ^- ■ ; \^ ■\. ^ \ ■ 

This, experiment was' repeated ■ for ■ 2 rounds and the . results • 
2.5 are shown' in' Table 8. ^ 
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TABLE 8 



Round 


Cef cone. 


KAN control 


Cef resistant 








colonies 


1 


0. 16-0. 64 


laVn 


lawn 


replate 


0.32 


10 small 


1000 


2 


10 


10 


400- 


Replate 




lOOsm § 2,5 


50 @ 10 


3 


40 


100 sm 






1280 




100 sm 



10 Example 12 Determination of Reconibinat ion Formats 

This experiment was designed to determ.ine which format of 
r ecom.bina t ion generated the m^ost recombinants per cycle. 

In the first approach, the vector pUClBSf i-31a-S f i was 
amplified with ?C?, primters to generate a large and sm.all 

15 fragment. The large fragment had the plasmid and ends having 
portions of the 3la gene, and the small fragment coded for the 
m.iddle of the Bla gene. A third fragmient having the com.plete Bla' 
gene was created using ?C?. by the Tie t hod in Exam^ple S. Th'e 
larger plasmid fragmsent and the fragm^ent containing the com.plete 

20 Bla gene were electroporated into I, ,coli JC8679 cells at the^ 
sam:e time by the method described above and the transf ormiants 
plated on differing concentrations of cefotaxime. 

In approach 2, the vector pUClSSf i-Bla-Sf i was amplified to 
produce the large plasmid fragr^ent isolated as in approach 1 

25 above. The two fragments each comtprising a portion of the 
complete Bla gene, such that the two fragm.ents together spanned 
the complete Bla gene werealso obtained by PGR. The large 
plasmid fragm.ent and the two Bla gene fragments were all 
electr.oporated into comipetent E. coli JC8679 cells and the 

30 transf orm.ants plated on varying concentrations of cefotaxime. 

• In the third approach, both the vector and the plasmid were 
electroporated into E. coll JC3679" cells and the transf ormants 
were plated on varying concentrations of cefotaxime. 
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.' ■ ' In' the fourth approach, the .-.omplete ' Bla gene was 
electroporated into Z , ' coli ■ JC8679 cells already containing the 
■ vector pUCSfi-Sfi and- the trahsf ormants. were plated on varying 
■conceritrat ion's , of cefotaxime.. A's' controls, the E. coii.. JG8679 
5 ■.cells were electroporated with' either the complete. Bla gene or 

the vector alone.. ■ ' 

' ■ , . The results are presented in Figure 11 ., 'the' ef f iciency , of '. 
the insertion of two fragments into the vector "is 100 X lower 
than when one ' fragment, having . the complete Bla gene is used. 

10 Approach 3 indicated that the efficiency of insertion does depend 
on the presence of free DNA ends, -since no recombinants were 
obtained., with this .approach. ^However, the results of approach 
3. were also due to the low efficiency of electroporation of the 
vector. When .the expression, vector is already in the competent 

15- cells; the efficiency of the vector' ele.c'troporation is not longer 
a factor arid. eff icient ■ homologous' recombination can be achieved- 
■ even with uncut vector. ■ ' ' , . 
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1 TO v'ir f'n-' -ass^'te .'^hu f f 1 inc; to Q3t:imize 

. ■ vectior perior-ance ■ • , . ■ ' , 

IR order to proyi'ce a vector capable of conferring an 
optimized ?henotype_(e.g. , maximal. expression of a :vector-encoded 
sequence, s^ch as ..a 'clo.ned .gene) , a kit is provided comprising . 
a variety -qf cassettes which ' can be shuffled, and; optimized 
shu'fflants' can be' selected.- Fig-re 12 shows', schematically one 
embodiment, - with each ' loci 'having a plurality .of cassettes . ' For; 
example, ■• in .'a bacreriaT 'expression system, Figure 13 shows 
example' cassettes -.that are, used ■ at the respective loci. Each 
cassette -of a' given locus''' (e.g..,' 'all promoters . in .this example) 
are flanked- by substantially identical sequences capable, of 
■• overlapping the flanking sequence ('s') of cassettes of an adjacent ' 
locus and preferably also capable of participating in homologous 
recombination or non-'homolocous recombination (e.g., lox/cre or 
flp/frt systems), so as to afford, shuffling of cassettes within 
3 5 a locus but ' substantially not 'oetween loci. 

Cassettes are supplied in the kit as PGR fragments, 
which each cassette type or individual cassette species packaged 
in a separate tube. Vector libraries are created by combining 
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the contents of tubes ro assemble whole plasmids or substantial, 
portions .thereof by hybridization of the overlapping flanking 
sequences of cassettes at each locus with cassettes at the 
adjacent loci. - The assembled vector is ligated to a 
predetermined gene of interest to fonn a vector library wherein 
each library member comprises the predetermined gene of interest 
and a combination of cassettes determined by the association of- 
cassettes. The vectors are transferred into a suitable, host cell 
and the cells are cultured under conditions suitable for 
expression, and the desired phenotype is selected. 

Example 13. Shuffling to optimize Green Fluorescent 

Protein (GTP) properties 

Background 

15 Green fluorescent protein ("GF?") is a poiypeptide 

derived fro- an apopeptide having 233 amino acid residues and a 
"oiecular weight of approximately 27,000. GF? .contains a . 
chromophore formed from amino acii residues 55- through 67, As 
its name indicates, GF? fluoresces; it does not bioluminesce like 

20 luciferase. In vivo , the chro-^ophcr e of GF? is activated by 
energy transfer from coeienterazine complexed with the 
photoprotem aequorin, with GF? exnibitinc green fluorescence at 
510 nm; upon irradiation with blue or UV light, GF? exhibits 
green fluorescence at approximately 510 nm . 

25 The green 'fluorescent protein (GF?) of the jellyfish 

Aeguorea victoria is a very useful reporter for gene expression 
and regulation (?rasher et al. (1992) Gene Hi: 229; Prasher et 
al. ( 1995) Trends In Genetics 1^ : 320 ; Chalfie.et al. ( 1994 ) 
Science 253 : 802, incorporated here i n by re f erence ) . W095/21191 

30 discloses a polynucleotide sequence encoding a 233 amino acid GF? 
apoprotein which contains a chromophore formed from amino acids 
65 through 57 . . WO'9 5 / 2 1 1 9 1 disclose .that a modification of. the 
cDNA for the apopeptide of A. victoria GF? results in synthesis 
■of a peptide having altered fluorescent properties. A mutant GFP 

35 (S65T) resulting in a 4-6-fold improvement in excitation 
amplitude has been reported (Heim et al.,(1994 ) Proc. Natl. Acad-. 
Sci. (U.S.A.) 91: 12501) , 
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Overview * • 

Green fluorescent protein (GFP) has rapidly become a 
' widely used reporter of gene regulation. However ,^ -in many 
organisms,' particularly eukaryotes, , the whole cell fluorescence 
5 signal was 'found to be too. low. .The goal was to improve the 
whole ' cell fluorescence of GFP for use as a . reporter for gene 
regulation for E. coii and mammalian cells.. The improvement of 
GFP by rational .design appeared difficult because the quantum 
yield of GFP is already 0.7-0.3 (Ward et al . (1982) Photochem. 
10 Photobiol . 35: ,803) andvthe expression level of GFP in a standard 
e\ coll construct was already about 75% of- total protein. 

Improvement of GFP was performed first by synthesis of 
a , GFP gene with improved codon usage. The GFP gene was . then 
further improved by the disclosed method(s), consisting of 
15 recursive cycles of DNA shuffling or sexual PGR of the GFP gene, 
combined with visual selection of the brightest clones.- 'The 

■ whole cell fluorescence signal in E. toia was optini-2ed ,and. 
selected mutants 'were then assayed to deterr.ine performance of 
the best GF? mutants in eukaryctic ceils. 

20 ' A svnthetic gene was synthesized having improved codon 

•usage and having a -2,3-1010 ir.pr over;ent of the- 5. coii .whole' cell 
fluorescence signal coTipared to the industry standard GFP 

■ construct (Clontech, Palo Alto, CA) . An additional 16-fold 
iir.prove-ent was obtained fro- three^ cycles of sexual PGR and 

'25 visual screening for the brightest coli colonies, for a 45- 
f old improvement over the standard construct; Expressed in 
Chinese Hamster Ovary (CHO) cells, this shuffled mutant showed 
a 42-fold , improvement of- signal over the synthetic construct. 
The exoression level in E, coll was unaltered at . about 75% of 

,30 /total orotein. .The e:?.ission and excitation maxima of the GFP 
were also unchanged. Whereas in coli most of the wildtype GFP 
ends up in inclusion bodies, unable 'to ^activate its chromophore, 
nost of the r.utan.t protein (s)' were soluble and active. ^The, three 
amino acid mutations ,thus guide the mutant protein into the 
35 native folding pathway rather than toward aggregation. The 
results show that DNA sequence shuffling (sexual PGR) can solve 
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complex practical problems and generate advantageous mutant 
variants rapidly and efficiently. 

MATERIALS AND METHODS 
5 GFP ^Tene construction 

A gene encoding the GFP protein with the published 
sequence (Prasher et al. (1995) od^ cit , incorporated- herein by 
reference) (238 AA, 27 kD) was constructed from oligonucleotides . 
In contrast to the commercially available GFP construct 

10 (Clontech, Palo Alto, CA) , the sequence included the Ala residue 
after the fMet, as found in the original cDNA clone. Fourteen 
oligonucleotides ranging from 54 to 85 bases were assembled as 
seven pairs by PCR extension. These segments were digested with 
restriction enzymes and cloned separately into the vector 

15 Alpha-rG"? (Whitehorn et al. (1S95) Bio /Technology 13: 1215, 
incorporated herein by reference) and sequenced. These segn;ents 
were then licated into the eukaryotic expression vector Alpha-ri 
to fom the full-length GF? construct, Aipha^GF? (Fig. 14). The ' 
resulting GF?' gene contained altered Arginine codons at amino' 

20 acid positions 73 (CGT) , 80 (CGG), 95 (CGC) and 122 (CGT). To^' 
reduce codon bias and facilitate expression in E. coli, a nur.ber 
of other silent nutations were engineered into the sequence toV 
create the restriction sites used in the assenbly of the gene." 
These were S2 (AGT to AGC; to create an Nhel site) , K4 1 (AAJ^. to; 

25 r^-.G; HinDIII) , 174 (TAG to TAT) and ?75 (CCA to CCG ; BspEl), TICS 
(AGA to AGG; Nnul), L141 (CTC to TTG ) and Z142 (GAA. to GAG ; 
Xhol), S175 ( TCC to AGC;^BanHI) and S202 (TCG to TCC ; Sail). 
The 5' and 3' untranslated ends of- the gene contained Xbal and 
EcoRI sites, respectively. The sequence of the cene was 

30 confirned by sequencing. 

Other suitable GF? vectors and sequences can be 
obtained from the GenBank database, such as via Internet World 
Wide Web, as files: CVTj36202, CVU36201, XXP35SGFP, XXU19282; 
XXU19279, XXU19277, XXU19276, AVGFP2 , AVGFPl, XXUl 9 2 8 1 , XXU 1 9 2 8 0 , 

35 XXU19273, AEVGFP , and XXU17997, which are incorporated herein by- 
reference to the san^e extent as if the sequence . files and 
comments were printed and inserted herein. 
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The Xbal-EcoRi- fragment Of Alpha+GFP, containing the 
whole GFP gene, was subcloned into, the prokaryotic expression 
vector PBAD18 (Guzman et al. (1995) J. Bacteriol. .122: 4121)-, 
resulting in the bacterial expression vector pBAD18-GFP (Fig. 
5 14) . In this vector GFP gene expression is under the control of 

■ the arabinose proinoter/repressor (araBAD) ,. which is inducible 
with arabinose (0.2%). Because this is the only construct with 
the original amino- acid sequence, it is referred to as wildtype 

■ GFP ('wfj-. A GFP-expressing bacterral vector was obtained from 
10 : Clontech (Palo Alto, ^ CA)-, which is referred to herein as 

• ' 'Clontech' construct. GFP. exptessioh from the : • Clontech ' 
construct requires IPTG induction'. 

Gene shuffling and selection 
15' ■ An approximately 1 :-:b DNA fragment containing the whole 

.GFP gerte was "obtained frbir, the P3AD-GFP vector by PGR with 

primers 5- -TAGGGGATGCTACCTGACGC (near Nhel site) and 

5 • GAAAATCTTCTCTCATCCG '(near EcoRI site) arid purified by Wizard 

u^^yrrr-.'^ ' \ ^--^ ^ s PCR oroduct waS digested 
PGR preo (Prcmega, Maaxson, -^-i- .-..-i> ^i-^^^ ,-3 

20 into" random fragments with.DNase I (Sigm.a) and ■ 50-300 bp 
fragm.ents were purified fror. 2% low m.elting point agarose gels. Z 
The purified fragments were resuspended at 10r30 ng/ul in.- PGR 
mixture (Promega, Madison/ «!; 0.2 each dNTP/ 2 . 2 m- MgCl^/SO 
KGl/10 mM Tris-HCl, pH 9 . 0/ 0 . 1% Triton-X-100 ) ' with Tag DNA. 

25. Dolv-m,era5e (Promega) and assembled (without primers) using a PGR 
■program of 35 cycles of 94.= C 30s, 4 5 « C . 3 Os , 7 2 « C ' 3 Os , as 

■ -described in Stemmer , WPG (1994) Nature 370.: 38 9 ,, incorporated 

herein by reference- The product of this reaction was diluted 
4.0X into, new PGR mix, and the'- full length product was amplified, 
"::30 with the same' two prim.ers. in a PGR of ,2.5 cycles of gA-G 30s, 5b = G 
30s, 72°G 30s, followed by 72°G for 10 min . . After digestion of 
the' reassembled product with Nhel . and EcoRI, this library of 
point-mutated and in vitro recombined GFP genes was cloned back 
into the PBAD vector, electroporafed into E. coll TGI 
■35 (Pharmacia), and plated on L3 plates with 100 ug/ml ampicillin 
arid 0.2 % arabinose to induce GFP expression from the arabinose 
• Dromoter ' * 



wo 97/20078 



PCT/US96/19256 



Mutant selection ■ 
" Over a standard UV light box (365 nm) the. 40 brightest 
colonies were selected and pooled. The pool of colonies was used 
as the template for a PGR reaction to obtain a pool of GFP genes. 
Cycles 2 and 3 were performed identical to- cycle 1. The best 
mutant from cycle 3 was identified by growing colonies in- 
microtiter plates and fluorescence spectrometry of the microtiter 
plates . 

For characterization of mutants in £*. coli, DNA 
sequencing was performed on an Applied Biosystems 391 DKA 
sequencer. 

CHO cell expression of GFP 
The wildtype and the 'cycle '2 and 3 mutant versions oi 
the GF? gene were transferred into the eukaryotic expression 
vector Alpha* (16) as an FcoRI-Xbal frag:r.ent. The plas.-nids were. 

i 

transfected into CHO cells by elec trcporat ion of 10'. cells in 0 . S 
r.l with AO /ig of plasrr^ed at AOQV and 250.:iF. Transf or-ants were -'^ 
selected using 1 mg/rp.l G*^13 for 10-12 days. 

FACS analysis was carried out on a 3ecton Dickinson 
FACSTAR Plus using an Argon ion laser tuned to 438 nm . 
Fluorescence was- observed with a 535/30 run bandpass filter, 

RESULTS _ ■ • . ^; 

Coder, usage 

E. coll expressing the synthetic GF? construct ('wt') 
with altered codon usage yielded a nearly 3-fcld greater whole 
cell fluorescence signal than cells expressing the *Clontech* 
construct (Fig. 15A) . The comparison was performed at full 
induction and at equal 00^^^, In addition to the substitution of 
poor arginine codons in the 'wt' construct and the N-rterminal 
extension present in the 'Clontech' construct, the expression 
vectors and GFP promoters are quite different. The cause of the 
improved fluorescence signal is not enhanced expression level, 
it, is improved protein performance. 

Sexual PGR ' 
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The fluorescence ' signal; of the synthetic 'wt' GFP- ig^^^y 
construct was further improved by constructing a mutant library 
by sexual PGR methods as described herein , and in Stemmer WPC 
(1994) Proc. Natl: Acad, Sci, (U.S.A.) 91: 10747 and Stemmer. WPG^ 
5_ (1994), Nature 370 : 389," incorporated, herein by ; reference , 
followed , by plating and selection of the brightest colonies. / 
After the second cycle of sexual "PGR and selection, a mutant 
('cycle 2*) was obtained that was about 8-fold . improved over 
, ■ <wt' , and 23-fold over the 'Clontech' construct. After the third 
10 cycle a mutant ('cycle^ 3') was obtained which was 16-lS-fold 
■improved over the 'wt' construct and 45-fold over the '.Clontech' 
construct (Fig. 15B) . The peak wavelengths of the excitation and ^ 
emission spectra of the mutants . were identical to that of the , , 
.■ 'wt! construct: (Fig/ 15B) . SDS-PAGE analysis of whole ceils 
IS- showed that the total level of, the GF? protein expressed in all 
three constructs was unchanged, at a ' surpr is ingly high rate of 
, about ■ 75% 'of total protein (Flc. "16/ panels (a) 'and (b) ) . 
Fractionation of the cells by .sonication and centr i f ugat ion 
showed, that the ' vt ' construct, contained -ostly inactive GF? in . 
20 the forn of inclusion bodies,' whereas the 'cycle 3' r.utant GF? 
remained most ly so luble' and was able to activate its chromophore. ■ 
The mutant genes "were sequenced and the '.cycle^l' .mutant was 
found to contain "ore_ nutations than the 'cycle 3' mutant (Fig. ■ 
'7) The 'cvcle 3' 'contained 3 pr ote in ' ~utat ions and 3^ silent 
25 mutations relative to the ' ' wt ' construct. Mutations FIOOS., 
M15-i^, and vi54A involve the replacement ' of hydrophobic residues 
with more hydrophilic residues (Kyte and Doolittle, 19S2) . One 
oiausible explanation is that native GF? has a hydrophobic site 
•on its surface by which it normally binds to Aequorin, or' to 
30 another protein; .'In the absence of this other protein,, the 
hydrophobic site may cause_ aggregation and prevent autocataly t ic 
activation of the chromophore. The three hydrophilic mutations 
may counteract the hydrophobic site, resulting in reduced 
aggregation and increased chromophore activation. Pulse chase 
35 expe.riments with whole bacteria at.37°G showed that the ^1/2 '^^^ 
fluorophore formation was 95 minutes for both the ' wt ' and the 
'cycle 3' mutant GFP. 
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CHO cells 

Improvements in autonomous characteristics such as 
self-folding can be. tranferable to different cellular 
environments. After being selected, in bacteria, the -'cycle 3*- 
5 mutant GFP was transferred into the eukaryotic Alpha+ vector and 
' expressed -in Chinese hamster ovary cells (CHO) , Whereas in 
coli the »cycle 3' construct gave a 16-18-fold stronger signal 
than the *wt' construct, fluorescence spectroscopy of CHO cells 
expressing the 'cycle 3' mutant showed a 42-fold greater whole 

10 cell fluorescence signal than the 'wt' construct under identical 
conditions (Fig. ISA). FACS sorting confirmed that the average 
fluorescence signal of CHO cell clones expressing 'cycle 3* was 
46-fold greater than cells expressing the 'wt' construct (Fig. 
133). As for the ' ' construct / the addition of 2 mM sodium 

15 butyrate was found to increase the fluorescence signal about ^; 3 
fold . 

Screening versus selection 
These results were obtained by visual screening of 

20 approxiriateiy 10^000 colonies, and the brightest, 4 0 colonies were 
nicked at each cvcle. Significant improvements in protein 
function can be obtained with relatively low nur.bers of variants. 
In view of this surprising finding, sexual ?CR can be combined 
with high throughput screening procedures a,5 an improved process 

25 for the opt ir.izat ion of the large number of commiercially 
important enz\^.e5 for which large scale mutant selections are not 
feasible or efficient. 

Example 14 . Shufflinc to Generate Improved Pepti de • 

3 0 Display Libraries 

Background 

Once recombinants have been characterized from a phage 
display library, polysome display library, or the like, it is 
often useful to construct and screen a second generation library 
35 that displays variants of the originally displayed sequence ( s ) . 
However, because the number of ' combinations for polypeptides 
longer than seven residues is so great that all permutations will 
not generally be present in the primary library. Furthermore, 
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by mutating sequences; the "sequence landscape" around the 
isolated sequence can be examined to find local optima. 

' There are several methods available to the experimenter 
' for the purposes of mutagenesis . -For example ^ suitable methods 
5 ■ include site-directed mutagenesis; cassette mutagenesis,, and 
error-prone PGR. ■ ' , 

Overviev 

The disclosed method for generating mutations in vitro 

10 is known as - DNA shuffling . In an embodiment of DNA shuffling, 

'■'■"genes are broken into small, random fragments/ with DNase I, and 
then reassembled in *a PCR-like reaction, ^but typically ' without, 
any primers. The process of reassembling can be mutagenic in the 
absence of a proof-reading polymerase', generating up ' to about- 

15 0.*7% error rate. These ■ nutat ions consist of both transitions and 
transversion , often randomly distributed over the length of the^ 
reassembled segm.ent. 

Once one has isolated a phage-d isplayed . r ecor.binant 
with desirable properties, it is generally appropriate to improve 

20 or alter the binding properties rhrough a round of molecular 
evolution via DNA shuffling. Second generation libraries of 
displayed peptides and antibodies were generated and isolated 
phage with improved (i.e. , , 3-1000' fold) apparent binding strength . 
. were, produced. ' Thus, through repeated' rounds' of library 

25 generation and selection it is possible to "hill-climb" -through 
sequence space to optimal binding. 

From second. generation libraries , very often stronger . 
binding species can be isolated. ■ Selective • enrichment of such, 
phage can be accomplished by screening with lower target 

30' concentrations imm.obilized on a microriter plate or in solution, 
combined with extensive washing or by other means known in the 
art. Another option is to display the mutagenized population of 
molecules at a lower valency on phage to select foir molecules 
with higher affinity constants. Finally, it is possible to 

35 screen second generation libraries in the presence of a low 
concentration of binding inhibitor (i.e., target, ligand) that 
blocks the efficient binding of the parental phage. 
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Methods 

Exemplary Mutagenesis Protocols 
A form of recombinant DNA^based mutagenesis is known 
as oligonucleotide-mediated site-directed mutagenesis. An - 
5 oligonucleotide is designed such that can it base-pair to a 
target DNA, while differing in one or more bases near the center 
of the oligonucleotide. When this oligonucleotide is base-paired 
to the single-stranded template DNA, the heteroduplex "is 
converted into double-stranded DKA in vitro ; in this manner one 
10 strand of the product will carry the nucleotide sequence specific 
by the mutagenic oligonucleotide. These DNA molecules are then 
propagated in vivo and the desired recombinant is ultimately 
identified among the population of transf ormants . 

A protocol for single-srranded mutagenesis is described 
15 below. 

1. Prepare single-stranded DN'A fror. M13 phage or phagemids . 
Isolate "2 ug of DNA. The D)tA can be isolated from a dut"urig" 
bacterial host (source) so that the recovered DNA contains uracil 
in place of n^.any thv'r.ine residues. 

20 2. Design an oligonucleotide that has at: least 15 or 20 

residues of cor.plementar ity to. the coding regions flanking the 
site to be mutated. In the oligonucleotide, the region to be 
randon-.ized can be represented by degenerate codons . If the non- ^ 
complementary region is large (i.e., > 12 nucleotides), then the ^ 

2 5 flanking regions should be extended to ensure proper base 
pairing. The oligonucleotide should be synthesized with a 5 ' PO^ 
group; as it improves the efficiency of the mutagenesis 
procedure; this group can also be added enr^yi-at ically with T4 
polynucleotide kinase. (In an Eppendorf tube, mcjbate 100 ng of 

30 oligonucleotide with 2 units of T4 polynucleotide kinase in 50 

(pH 7.5), 10 mM MgCI2 , 5 m-M DTT , and OA mM AT? for 30 min! 
' -.o 3. Anneal the oligonucleotide with the single-stranded DNA 

in a 500 jsl Eppendorf tube containing: 

1 pig , single-stranded DNA, 10 ng oligonucleotide, 20 mM Tr?Cl (pH. 
35 7.4), 2 mM MgClj, 50 mM NaCl . 

4. Mix the solutions together and centrifuge, the tube for 
a few seconds to recollect the liquid. Heat the tube, in a flask 
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containing -water heated to 70'C. ' After 5 min., transfer the flas;k'. 
to the lab bench and let itv cool to room temperature slowly.... 
V 5 . 'Take the, tube 'out of the. water bath and -put it on ice. 
. Add the following ' reagents to the ,tube/ for a total volume^ of 
5 lOOMl': '20 mM Tris-HCI (pH 7'.4) , 2 mM DTT,.0-5- mM dATPy dCTP, dCT^ 
and dTtP> 0.4 mM. ATP/' 1, unit T7 DNA polymerase; 2 units T4. DNA 

: ' ligase. . /■ ■ ■ ' ' 

6. ' After, 1 hr, add EDTA to 10' mM final concentration. 

7. Take 20 ^1 from- the sample and run on an agarose", gel. 
10 ^Most of,.the single-stranded. DNA should ^ be converted to 

cbvaiently-closed circular DNA. '. Zlectrophorese- some controls, in 
„; adjacent lanes (i.^e., template, template . 'reaction ; without 
oligonucleotide) . Add T4 DNA ligase to close the double-stranded- 
circular ' DNA . ^ ' ' 

05 ■ ■■ . S . E.xtract the rerr.ainder of the DNA { 3 0' by phenol! 

' extraction and recover by ethanpl precipitation... ■ 
\ 9:. Elecrroporate ' into ung^ bacteria. , > . . ■ ' 

^ ■'10.' Harvest the ■ seaond. *ge'ner a tion . phage 'bv ' PEG., 
precipitation'. ■ 

20 ■.. ^ ' ^ , ; . ■ J, ' ' / 

Cassette r;y t a a e.n e si s •- ■ " ' " 

' ■ A con ven rent' means of intr.oducing. ..' mutations" at _ ^a" ' 
pa.rticular. . sit.e." ' within' a coding region ;is by cas.sette^ ■ • ' 
■mutagenesis'. Trie " cassette,"' ' can- be generated several 'different :. 
•25 ways:' A) ''.bv annealing tvo bl igonucl.eot ides - together .and 
converting them into double' stranded , DNA ;• B) .by; f irst amplifying* 
' " segm.ents of ■•DNA ' with ol.igonuc leot i'des ■ that, carry , randomiized; / 
' .sequences- and 'then reamplifying the DNA . to /create the cassette 
f or" clo.ning; C) by first amplifying each half of the DNA' segment; 
'30 with^'oligonuclGotides that carry'randomized' sequences, and^then^ ' 
heating * the, two pieces togetheir to create , the cassette for 
■cloning; and- D) by error-prone ?CR. The cassette's formed by 
these four procedures are fixed in length, and coding frame, but 
have codons which are unspecified at a low frequency. Thus, . 
35 cloning and- expression of the cassettes will generate a plurality 
of peptides or proteins that have one or more mutant, residues 
along the entire length of the cassette. 

ICB- 
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Typically; two types of mutagenesis scheme can be used. 
First, certain residues in a phage-displayed protein or peptide 
can be completely randomized. The codons at these positions can 
be NNN, NNK, or NNS which use 32 codons to encode all 20 
residues. They can also be synthesized as preformed triplets or 
by mixing, oligonucleotides synthesized by the split-resin method 
which together cover all 20 codons at each desired position. 
Conversely,, a subset of codons can be used. to favor certain amino 
acids and exclude others. Second, all of the codons in the 
cassette can have some low probability of being mutated. This 
is accomplished by synthesized "oligonucleotides with bottles 
"spiked" with the other three bases or' by altering the ratio of, 
oligonucleotides mixed together by the split-resin method. 

For mutaaen'esis of short regions, cassette mutagenesis 
with synthetic oligonucleotide is generally preferred. More th^n 
one cassette car. be used at a tiT.e to ■ alter several regions 
siniultaneouslv . This approach is preferred when creating a 
librarv of mutant antibodies, where ail six complementarity 
determining regions (CDR) are altered concurrently. 
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1. Design o i igonuc 1 ect ides with both fixed and "utated 
oos-'tions. The fixed cositions should correspond, to the cloning 
sites and those coding regions presumed to be essent ia 1,^^ f or 
binding or function. 

2. Durinc svnthesis of the oligonucleotide, have the 
oligonucleotide synthesizer deliver equimolar amounts of each 
base for guanosine ana cytosine for K, guanosine and th>^iidine 
for S, 

"Sniked" codons 
1. Design oligonucleotides with both fixed and mutated 
positions. The fixed positions should correspond to the cloning 
sites and those coding regions presumed to be essential for 
binding or function. The probability of finding n errors in an 
m long polynucleotide cassette synthesized with x fraction of the 
other three nucleotides at each position is represented by: 
p=[n!/{m-n)n!][x^j[l-x: 
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■ 2: During synthesis of. the^oiigonucieotide switCxh" out'the- 
base bottles. Use bottles withMOO% of each base for . the fixed 
positions and bottle with 100-x% of one base and x/3% of each of 
the other three bases. The doping.^ratio can. also differ based on 
the average amino.' acid use in natural globular proteins 'or other 
algorithms. There Is a coimnercially available computer program, 
CyberDope, which, can be vised to ,aid in determining 'the base 
mixtures, for /synthesizing oligonudeotides with .particular doping 
schemes-. A demonstration copy, of 'the' CyberDope program can be, 
obtained by sending an email request to cyberdope§aol'. coin . - 

Directed codons . 

1. Design oligonucleotides with both fixed and mutated 
-positions. The fixed positions should correspond to the cloning . 
sites and those coding regions presumed zo be essential , for 
binding or function; .One r.ethod has 'been described for inserting 
a set of, oligonucleotides a/t ;a specific restriction enzv^.e'site • 
that encodes all twenty amino acids (Kegler-^Ebo et al. ' (lS94) 
Nucl. Acids ?es. 22: 159 3 incorporated ' herein by reference).. 

2 During synthesi.s of the oligonucleotide split the resin ^ 
a.t' each •codcn . , . . 

■ , . ■ ' Errbr-orone PGR . ' ' . . . , 

There "are several protocols based on altering standard. PGR 
'conditions- {.Saiki et al, (1988) . Science ^ 239 - 487;- incorporated ^ 
herein bv reference) to elevate the Tevel of- mutation during 
amolif ication / Addition of elevated dNTP ^concentrations and/or 
Mn^^ increase the rate of mutation .significantly. Since, the 
"mutations are theoretica 1 ly introduced , at random /, this ^ is one 
mechani'sm- f or generating populations of .novel . proteins . .On the/ 
other hand, error-^prone PGR is not well suited for altering short, 
peptide sequences because the , coding regions are short; and the 
"rate' of change would be too' low to generate an adequate number 
of mutants for selection, nor is it ideal for long proteins, 
because' there will be many mutations within the coding region 
which complicates analysis. 
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' i. Design oligonucleotide primers ; that flank the coding 

region of interest in the phage. They are often approximately 
21 nucleotides in length and flank the region to be mutagenized. 
The fragment to be amplified can carry restriction sites within 
5 it to permit easy subcloning in the appropriate vector. ' 
'2. The following reaction is set up: 

1 pmole of each primer; 1 pmole of the DNA template; 
100 mM NaCl, 1 mM MnCl2, 1 mM DTT, 0.2 mM of each dNTP, 2 units 
of Taq DNA polymerase. 
10 3. Cover the liquid with mineral oil. ' 

4. Cycle 24 times between 30 sec at 94*C, 30 sec 45*'C, and 
30 sec at 72''C to amplify fragments up to 1 kb. For longer 
fragments, the 72°C step is lengthened by approximately 30 sec 
for each kb. 

15 5. Extend the ?CR' reaction for 5-10 min at ■72°C to 

increase the' fraction of rr.olecules that ar e . ful 1- length . ' This 
is important if the fragment terr.ini contain restriction sites 
that will be used in subcloning later. 

5. The ?CR reaction is optionally nonitored by gel 
20 electrophoresis. 

7. The ?CR product is digested with the appropriate 
restriction enzyme(s) to generate sticky ends. The restriction 
fragments can be gel purified.. 

3. The DNA segment is cloned into a suitable vector by .{ 
' 25 Ligation and introduced into host ceils'..- 

DNA Shuffling 

In DNA shuffling, genes are broken into sm.all, rando^n 
fragments with a phosphodiester bond lytic agent, such as DNase 
30 I, and then reassembled in a ?CR-like reaction, but without 
requirement for any added primers. The process of reassembling- 
can be mutagenic in the absence of a proof-reading polymerase, 
generating up to approximately 0.7% error when 10-50 bp fragments 
are used . 

3d . 1. PCR amplify the fragment to be shuffled.. Often it is 

convenient to PCR from a bacterial colony or' plaque. Touch the 
colony or plaque with a sterile toothpick and swirl in a PCR 
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; reaction mix (buffer, deoxynucleotides, oligonucleotide primers) . 
•Remove the toothpiOc and beat the reaction for 10 min at ggoc. 
■ Cool the reaction to 72° C, add 1-2 units of Taq DNA polymerase, 
and cycle the rea'ction 35 times . for 30 sec at' 9400, 30 sec at 
5 45»C, 30 sec at 72°C.. and finally hisat the sample for 5 rain at 
72 =C.' (Given conditions are for a 1 kb gene and are modified 
according the the length of the sequence as described. ) 

2. Remove the free primers. Complete primer- removal ' is 

important. . , 

10 '3. Approximately 2-4 ^ig of the DNA is fragmented with 0.15 
units of DNase I (Sigma, St. Louis, MO.) in 100 pi. of . 5 0. m-M' Xris- 
HCl (pH 7.4), 1 mM MgClj, for 5-10 min at room temperature. . 
Freeze on dry ice, check size range of fragments on 2% low 
■ melting poinr agarose gel- or equivalent, and thaw to continue 
15 digestion until desired size range is used-. The desired size 
• range depends on the application; for shuffling 'of a 1 kb gene, 
fragrienrs of. 100-300 bases, are r.or--2lly adequate. 

4. The cesired D.NA fragir.ert size range is gel purified 
. from , a 2% -'low melting point a-garose gel ■ or equivalent. A 

2.0 preferred method is to insert a small piece of Whatman DE-SI ion- 
exchange paper just in. front- of the D.^U, run the DNA into the 
■paper, put the paper in 0.5 ml, 1.2 .M NaCl m TE, vortex 3D sec, 
then carefully' s?rn out. aii the paper, transfer the supernatant 
and-, add 2 volumes of 100%. ethane 1 to precipitate the DNA; .no 

25 cooling of the .sample should be necessary. The DHA pellet is 
then w.ashed- :/ith. 7 0% ethanol to remove traces of salt. 

5. The DUk pellet is resuspended in PCR' mix (Promega , 
Madison, WI)' containing 0 . 2 nM' each DNT? , '2.2 r^M MgCl2,50 mM KCl, 
10 mr, Tris-HCl,*pH 9.0, 0.1% Triton'xiOO, at a concentration of ' 

30 a-DOUt 1.0-30 ng of fragments per m1 of ?CR mix (typically 100-600. 

ng per 10-20 pi PCR reaction). Primers are not require.d to be. 

added in this PCR reaction. Taq DNA polymerase (Promega, 

Madison., WI) alone - can be used , if a substantial rate of. 

mutagenesis (up to 0.7% with 10-50 bp DNA fragments) is desired. 
35 The inclusion of a proof-reading polymerase, such as a 1:30 
(volAvol) mixture of Taq and Pfu DNA polymerase (Stratagene, San 

.Diego, CA) is expected to yield a lower error rate and allows the 
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PGR of very long sequences. A program of 30-45 cycles of 30 sec 
*94«C, 30 sec 45-50°C, 30 sec 72°C, hold at 4*C 'is used in an MJ 
Research PTC-150 minicycler .(Cambridge, -MA) . The* progress of the 
assembly can be checked by gel analysis.. The PCR product at .this 
5 point contains the correct size ^prbduct in a smear .of larger and 
smaller sizes. 

6.- The correctly reassembled product of this first PCR is 
amplified in a second PCR reaction which contains outside 
primers. Aliquots of 7.5 ^1 of the PCR reassembly • are. diluted 
10 40x with PCR mix containing 0.8 pM of each primer. A PCR program 
of 20 cycles of -30 sec 94°C, 30 s,ec 50*»C, and 30-45 sec at 72<'C 
' ■ is run, with 5 min at 72<^C at the end. 

• 7. The desired PCR product is then digested with terminal 
restriction enzymes, gel purified, and cloned back into a vecror, 
15 which is often introduced into a host cell. 

Si te-soeci f ic reccr^bi nation can also be used, for 
exar.ple, to shuffle heav-y and light antibody- chains insid4 
infected ■ bacter ia 1 cells as, a p.eans of increasing the binding 
affinity and specificity of antibody -o-lecuies. It is possible 
20 to use the Cre/lox systen. (Waterho.use et al. (1993) Nucl . kcidk 
' Res. 11: 2265; Griffiths . et al. (1994) - EMSO J. 13: 3245, 
incorporated by reference) and the. int system. 

It is possible to take r ecor.binants ■ and to shuffle them 
together to combine advantageous "utations that occur on 
25' different D-Ak "oleoules and it is also possiole to take a 
recombinant displaved insert and to "backcross" with parental 
sequences by DN'A shuffling to remove any mutations that do ' not 
contribute to 'the . desired traits. 

3 0 Zxamole 15. Shuffling to Ge.nerate Imnroved arsenate 

Pet ox i f i cation Bacteria 

Arsenic de.toxlf icat ion is important for goldmining of 
arsenopyrite containing gold 'ores and other -uses, such as- 
environmental remediation. Plasmid pGJ103 , containing an operon 
35 encoding arsenate detoxification' operon (Wang et a^ . (1989) 
Bacterid . 171 : 83, incorporated herein by reference), was 
obtained from Prof. Simon Silver (U. of Illinois, Chicago, IL) . 
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E. coll TGI containing pJG103, containing ^ the pl258 ars operon 
'cloned- into pUC19; had a MIC (minimun inhibitory concentration) 
of .4 "Mg./ii^l on LB amp plates. The whole' 5.5 kh plasmid was 
fragmented with DNAse* I into- fragments of 100-1000 bp, and 
; 5' '^reassembled by PGR using the Perkin Elmer XL-PCR reagents. After . 
assembling, the plasmid was digested with the unique, restriction, 
enzyme' BamHI. The ' full, /length' monomer was purified from the 
agarose gel, ligated and electroporated into E coii TGI cells . 
The ±ranformed cells were plates on a range of sodium arsenate 
10' concentrations (2, 4; 8, 16 mM in' round 1),. and approx.. 1000 
: .. / colonies from the plates with the highest arsenate levels were 
pooled by scraping the plates.; The cells were grown in liquid 
in the presence. -of the same concentration of arsenate, and 
■ plasmid was prepared from this culture. Round 2 .and 3 were 
•'15 identical to round 1, except' thar the cells-. were -plated at higher 
arsenate levels. 3/15, 32, 54, r-M were' used > f or round 2;. and 32', 
. ' 64 , 123, 2 55- TuM were used f or - se lection of round 3. . > 

' '/ ■ The best "utants grew over n igh t ■ a t . up ■ to 123 m-M 
• arsenate (MIC=2S6) , a 64 -fold improvement. One .of the improved 
'20 • strains showed that the' TGI (wildtype pGGJ103) grew in liquid at 
up to 10 r>l, whereas the shuffled TGl{mutant pGJ103) grew '^t up 
. to 150 TuM. arsenate concentration. * ' ■ ■ * 

'■' ' ■ . PGR "program . for . the assembly 'was 94^0. 20s, 50x(94 ^C 
15s, 5q°C 1 mm, 72 ^'C 3 Os-f 2s/cycle ) , using a circular PGR format 
■25 -without' primers. ' ' ' 

Four cvcles of the process resulted in ■ a 50-100-folG 
"improvement 'in the resistance' to arsenate conferred by the 
'shuffled arsenate resistance 'operon ; bacteria containing the 
improved operon grew on medium ' containing up .to 500. -mM' arsenate . 
30.. 'Figure- 19 shows -enhancement of. resistance to .arsenate 

toxicity as a result of shuffling, the pGJ103 plasmid containing 
the arsenate detoxification pathway operon. 

Example 16. ' Shufflinc to Generate Impro ved Cadmium 

; 3 5 Detox if i cat ion Bacter ia 

Plasmid pYW33 3', containing an operon for mercury 
detoxification is a 15.5 kb plasmid containing at least 3 genes 
encoding a pathway for mercury detoxification (Wang et al. (1989) 
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Bacteriol. 171 : S3, incorporated herein by • .reference) , ■ was 
obtained -from Prof. Simon Silver (Univ. Illinois, Chicago, IL) . 
400-1500 bp fragTnents ■ were obtained as described supra and 
assembled with the XL-PCR reagents. After direct electroporation 
of the assembled DNA into to E. coli TGI, the cells were plated 
on a range of levels of mercury chloride (Sigma) under a similar 
protocol as that described for arsenate in. Example, 15, The 
initial MIC of mercury was 50-70 /iM. Four cycles of whole 
plasmid shuffling were performed and increased the detoxification 
measured as bacterial resistance to mercury from about 50-70 ^li 
to over 1000 /iM, a 15-20 fold improvement. 

Example 17. Enhancement of Shuffling Reacti ons bv 

Addition of Cationic Detergent 

The rate of renaturation of complementary DNA strands 
becomes limiting for the shuffling long, complex sequences. This 
renaturation rate can be enhanced 10,000-fDld by addition of^_ 
simple cationic detergent (Pontius and Berg (1991) PNAj: 33:^^ 
S237). The renaturation is specific and independent of up to a^ 
lO^-fold excess of heterologous DN'A. In the presence of these ^ 
agents the rate which the compiementary DN'A stands encounter each 
other in solution becor.es limiting. 

Addition qf T'-i'.C in an assembly reaction of a 15 >:b 
Diasmid followed bv electroporation into E. coli resulted in the 
following results: 



TJ't-.C Colonies 

15" CO 

30 ■ . 301 ■ ■ . ^ 

60 ■ . 

90 3 , _ ■ 

Addition of CTA3 in an assembly reaction of a 15 Kb 
plasmid followed by electropcr a t ion into E. coli resulted in the 
following results: ' 

CTAB fm!-M - Colonies 

1 So • ' 
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■ ■ ■ 0 • _ 3 , . 

"■ . ■ ,3 0 .' 

10 0 14 

300 ■ ° . ■ 

.5 ■ ' ■ ■' - ' ■ ■ , , 

Kxample 18. SPnuence Shuffling v ia PCR Stuttering 

Stuttering is fragmentation by incomplete polymerase 
extension of templates. A recombination format based on very 
short PCR extension times was employed to create partial PCR 

10 products, which continue to extend , of f a different template in 
the next (and subsequent) 'cycle(s) . There was a strong growth ' 
rate' bias between very similar templates, indicating that this 

■ format has significant limitations for the application to complex 
pools. If used with a rapid cycler such as the aircycler, this 

15 format may work better. 

PCR progra-is used for ?:?. stuttering were 100 cycles 
.of (94=C15 sec, 60 = C 15 sec). T-.o separate ?CR ' reactions were 
run to obtain 1 kb PGR frag^.ents containing the each of two GFP- 

■ negative recon-.bination assay substrates (GFp-stopl and GFP stop2) . 
20 ■ GFP-positive recombinants can only be obtained by recombination 

of' these two templates. The oligonucleotide primers used at the ' 
• 5' . end is 5 ^•f-AGCGGATCCTACCTACCTGACGC , ' containing an -Nhel- site , 
. and . the oligo at the 2' end is 5 ' g'.AA.AJ..TCTTCTCTCATCC, containing 
an EcoRI site. A PCR reaction' was set up with a Ing^of each GFP-' 
25 negative gene as a- template. Tac PCR reagents can be used, buf 
the use of error-prone PCR conditions (Leung, 19.89; Cadwell and 
■ Joyce, 1992) which reduce the processivity , can increase the 
percentage of GFP-positive recombinants. 

. . A stuttering program of 50-150 cycles of 94 "C' 10-20s, 

30. 60»C10-30s was used on a Stratagene .Robocycler . Ihe stuttered 
PCR 'product was digested with' Khel and Eco- RI and cloned back 
into pBADlS vector digested with Nhel and EcoRI and 
electroporated into E. coli and plated on amp, plates. GFP- 
positive colonies arise by reco-bination between , the two gFP- 
35 negative DNA sequences and were detected. The percentage of GFP- 
positive colonies obtained by stuttering was between 0.1-10%, 
depending on conditions . 
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A synthetic, gene was designed for each protein, using 
the identical (optimal E. coli) codon usage based on the native 
amino acid sequence. This approach increases the. DNA homology 
of the synthetic genes relative-to, the naturally occurring genes/ 
5 and allows us to shuffle Kiore distantly related sequences than 
would be. possible without the* codon usage adjustment. Each of ■ 
the four genes was assembled from 30 60 mer oligos and 6 40 mers. 
The, assembly was performed by assembly PGR as described by 
Stenuner et al (1995 ; Gene 164:49-53). After assembling, the 
10 genes were cloned= into Sfi 1 sites of the vector pUC322 Sfi-BLA- 
Sfi (Stemmer et al (1995) Gene 164:49-53), and plated on a 
selective media. The minimum inhibitory activity of these four' 
constructs for a wide variety of betal?ctam antibiotics was 
established. Cefotaxime was one of the antibiotics that was 
15 selected for opt imi2a':Lion against. The four genes were shuffled 
by pooling 1 ug of the CR product of each gene,, followed by 
DNAsel digestion of the pool and purification of 100-300, bp/ 
fragrier.ts frcr. agarose gels. The purified fragments wereV 
reassenbled by sexual -PGR initially without , outs ide " primers , and*' 
20' then the full-length product was ar/olified in the presence of the , 
outside primers. The resulting full-length genes were digested''^ 
with- Sfil .and licated into fresh pUC3 2 2Sf i-Sfi vector andX 
electrcporated into fresh E. coli cells, and 'plated on increasing^ 
concentration of several antibiotics, including cefotaxime, asV 
25 described previously Stemmer ( 199 4 )' Nature 370:389-391, 

A manual shuffling ?CR protocol' is preferred' for the 
mdxing of genes that are less than 30-90% hor.ologous.. The manual ' 
?C?v uses a heat- 1 abi le " DK.-. polymierase ,' such as DNA.pol l Klenow _ 
fragTient, '.The initial PGR program with" fragments' in Klenow 
- 30 buffer at 10-30ng/.ul and dNTPs: 

1- Denature. ■94°C 20s 

2- Quic>:-cool : dry ice ethanol 5s; ice 15s'" " . ■ \- . ' 

3- Add r'lenow enzym.e. , . . ■ ■ . ■ , 

4- Anneal/extend 2 min 25°C . ' . 

35- 5-cycle back to denature (cycle 1) ' : 

This' is repeated^ for 10-20 cycles to -initiate the " tempTate:^ 
switching, after, which regular PGR with heatstable polymerases, 
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is continued for an additional 10-20 cycles to' amplify the amounf 
of product.. 

Fvample 19. .ghnfflina of Antibody Phage Display 

5 ■ Libraries . 

A stable and well-expressed human single-chain Fv framework 
(Vh251-VlA25) was obtained from an Ab-phage library constructed 
from naive human nRNA, by selection for binding to diptheria 
toxin. This scFv framework- was used to construct a naive Ab-phage ■. 
10 library containing six synthetically mutated CDRs based on the 
gernl'ine sequences. The degree of mutagenesis of each residue 
was similar to its naturally occurring variability within its V- 

region family. . 

A PCR product: contaihing the , scFv gene was raridoinly 

15 fragmented/with DNasel diges tier,- and fragrnents of 50-100 bp were 
purified. Synthetic oligonucleotides, each containing a nutated 
CDR flanked by 19 bp of homoldcy to the scFv template', were added • 
to rhe random fragments at a 10:r.-olar ratio. A library of full 
length', mutated scFv. genes was rea sserr.bled fror^, the fragments by 

20 sexual PCR. ^ Cloning' into the pli: protein of -MIB phage yielded' 
. an Ab-phage library of A X 10^ plaque-f orr.mg units. ' The. 
• combinations, of , mutant 'arid .native CDRs were characterized by 

■ ■ colony PCR with^ primers specific for rhe native CDRs (see.. Fig. 
7). -All six' mutated CDRs were incorporated with 32-65% 

25 efficiency and a .wide variety of' combinations: Sequencing of the' 
nutated CDRs showed that the observed nutation rate matched- the 

expected, rate. 

This Ab-phage library was panned for two rounds in 
microtiter plates for ■binding to. ten human protein targets, and. 
seve,n of these targets yielded ELISA-positive clones . One target 
■ which resulted in positive clones was the human G-CSF ' receptor .■ 
The G-CSr receptor positive clones were subjected to a second 
round and one quarter of second round phage clones were ELISA- ■ 
positive for binding to the G-CSF receptor. 
35 . This diverse pool was used to evaluate the suitability 

' of three different sequence optimization strategies (conventional 
PCR, error-prone PCR, and OKA shuffling). After a single cycle 
of each of these alternatives, the DNA shuffling showed a seven- 
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,fold advantage, ,both in the percentage of Ab-phage recovered and 
in the G-CSF receptor-specific ELISA signal. ^ The panning was 
continued for six additional cycles, shuffling the pool, of scFy 
genes after each round. The stringency of. selection was 
•5 gradually increased to two one-hour washes at 50*^0 in PBS-Tween 
in the presence of excess ..soluble G-CSF receptor.. In rounds 3 
to 8, nearly 100 percent of the clones-were ELISA positive . When 
pools from different cycles were assayed at identical stringency, 
the percentage of phage bound increased 440-fold from cycle 2 to 

10 cycle 8, as shown in Fig. 31. Individual phage clones from each 
round showed a similar increase in specific ELISA signal. 
Sequencing showed 'that the scFv contained an average of 34 (n=4) 
amino acid mutations, of- 'which only four were present in all 
sequences evaluated. 

15 '■ In order' to reduce 'coter.'cial irjTiunogenicity ^ neutral 

or weaklv conrr ibutinc nuratior.s «ere removed bv two cycles of 
^ backcrossing, with a 40-fold excess of a synthetically -^t 
constructed- germline scFv gens, followed by stringent panning. ^'V 
■ ''The average number of amino acid "Utations in the • backer ossed ./■. 

20 scFvs were nearly halved to IS (-n-3), of which only four were 
::)r:esent in all secuences. The backcrossed kb phage clones -were 
.■ shown to bind .strongly : and _ with excellent specificity to the-:, 
human' G-CSF receptor. Fig. 32 shews the effect of ten selection 
rounds for several human protein targets; six rounds of shuffling'.' 

25 andtwc rounds of backcrossing were conducted. Fig. 33-show5'the 
relative recovery rates of phage, by panning with BSA, Ab^l79,^ 
or G-CSF receptor, .after conventional PGR ( "nqn-shu.ff led" ) , 
error-prone ' ?C?„, or recursive sequence recombination 
("snuffled") , ' ' - '/ ■ ■ 

3 0 . ■ . ■ ' ■ 

•' Example 2 0. Optimization of GF? in Mam.malian Cells 

The plasmid vector. pC!-rv-GF?, which encodes GF? and 
expresses it . under the control of a C^W promoter was grown in 
TGI cells and used^ to transfect CHO cells for transient 

35 expression assays., • . 

Plasmid waS' rescued, from FACS selected transiently 
expressing TGI cells by a proteinase K miethod or a PreTaq method 
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(Gibc6/BRL)', Basically/ the FACS collected cells were pelleted 
, by centrif ugation, f reez'e-thawed repetitively, ihcubate|d with 
.either proteinase K or -PreTaq, phenol/chlorof orm , extracted , 
ethanol precipitated, used to transfbrih E. coli which, were then, 
plated oh Amp' plates. The results, were : ' ' 

. ^Proteinase K method: input - 5, ,x lO"^ rescued 3 ,x lO"* 
PreTag method: input - 5 x lO'^ rescued 2 -x 10"^ ■ 

The rescued plasmid was grown up and 5 p.q was partially 
digested with' 'DNAsel and . 50 ■ to^ ^700 bp .fragments. ' were .gel 
purified, ethanol .precipitated, and resuspended it\ of 3.3x 

PGR buffer, 44 /il Mg.(0Ac)2 (Perkin-Elmer) , 193 Ml 40% PEG,. 80 ^1 
10 mM dNTPs, 20 ^1 Tth pol\7nerase , '2 iil Pfu polymerase', 7 ^1 T^LAC 
(S.igm.a)., and 3 67 ^l^HoO. PCP' was conducted 'on a MJ Research PTC- 
150 minicycler for 40 cycles (94 3 o; sec ; 5.0 ^ C , 30 sec, 72'°CV 
60 .'sec)" with' three' sets' of prir.ers,. which vie idea • three end- 
overlapping PGR -frkgrvents , which tc^.ether and a fter, digestion and 
liga.tion ■ -reconstituted the entire plasmid . The PGR' fr:agr;ents 
were ■ digested with .XlwN'l and' the*" fragments were gel purified, 
ligated,', ■and eiectropdrated ' Into TGI cells. Plasmid DN'A was 
prepared and electropor at,ed ' into CHQ cells, which' were^ screened , 
by FACS^ f or ■ the "eel Is' transiently express i ng . t'he brightest GrP' 
s ignals . . '* • • ^ ■ ,''■■■•„ 

. While the 'present "invention- has been described 'with 
reference to what are considered to.be the preferred examples', 
it is. to" be' understood" that 'the invention is not' limited to the. 
disclosed examples. To .the contrary, the invent ion . .is intended 
to cover, various ' riodifications and' 'equivalent 'arrangements 
included within the spirit and scope 'of 'the appended claims. ■' 
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WHAT IS CLAIMED IS: . , 

1 1. A method of evolving a polynucleotide, sequence 

2 toward a desired property' comprising: 

3 - (1) . recorabining at least -first and : second forms of the 

4 polynucleotide sequence to produce a library of recombinant forms 

5 of the sequence; 

6 (2) screening at least a first recombinant sequence from 

7 the library for evolution _ toward the desired property; . 

8 ^ . (3) recombining the first recombinant sequence with a 

9 further form of the polynucleotide sequence, the same' or 
'10 .different from the first and second forms, to- produce a further 

11 library of recombinant polynucleotides; 

12 (A). screening .at least- one further recombinant . 

13 polynucleotide from the further library of recombinant 

14 .polynucleotides -that has further svolved toward the desired 

15 property; ' : ■ 

16 (5) , repealing (3)' and (4.)/ as: ."ecessary, until the further 

17 reccmbi.nant polynuciebt ice has acquired the'desi'red property.* 

1 2 . The ■ method of clai~ 1, wherein at Leasr one 

2 recorabining "step is perfor-ed in vivoi' 

1 ' 3. The method of ^clain 2, wherein at .least two 

2 recombining steps are performed in- \'ivo,.' ' . - 

1 ' '4. ■ The method of claim 2, at least one recombining 
,2 step is betwe.en different .form.s of the polynucleotide 'sequence 

3 in separate plasmid vectors. 

' i ' ■ ; 5. The method of- claim 2, wherein 'at least, one 

2 recom.bining step is between a first form of the polynucleotide, 

3 sequence in a viral vector and a second formi of the 

4 polynucleotide sequence in a plasmad vector. 

1 . 6. The method of claim 2, wherein at least one 

2 recombining step is between different forms of the polynucleotide 

3 sequences in separate viral vectors. 
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1 ' 7, The method of claim 2, wherein at least one 

2 recombining step is between a first -fora of the polynucleotide 

3 and a second form of the polynucleotide in a host chromosome. 

1 8,. The method of .claim 7, wherein^ the first form of 

2 the polynucleotide is in a plasmid vector. 

1 9, The method of claim 7, wherein the first form of 

2 the polynucleotide is in a viral vector. 

1 10. The method of claim 2, wherein different forms of 

2 the polynucleotide are contained in a population of cells and the 

3 cells are exposed to an electric field promoting exchange of the 

4 different forms between the cells. 

1 11, The method of clai" 2, wherein different forms of; 

2 the polynucleotide are contained ir. a collection of cells and the. 

3 different forrr.s are exchanged between cells by conjugation. 

1 12 The methoD of claim 1, wherein at least one 

2 recombining step is effected by nonhomologous 'recombination of 

3 different forms of the pc lynuclect ide . 

T 12 '^h^ r.ethod of claim I, wherein the polynucleotide . 

2 has introns and exons and at least one recombining , step is 

3 effected 'by homologous recombination between introns of different 

4 forms of the polynucleotide. 

i4 , The method of claim 1, wherein at least one 

2 recombining step is performed in vivo and at least one 

3 recombining step is performed in vitro. 

^ 15. • The method of, claim 1, wherein at least two 

2 recombining steps are performed in vitro. 
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3_ . ■ 16. The method of claim 1, wherein at least one' 

2 . recombining step is performed by ' incubating different forms of 

3 the polynucleotide under conditions suitable for polymerase chain 

4 replication in the presence of an agent that promotes switching 

5 of' the ' polymerase between templates, whereby the replication ■ 
■6 'generates recombinant forms- of the different polynucleotides. 

^ 17. A method for forming a mutagenized double-stranded 

2 polynucleotide from a template double-stranded polynucleotide, 

3 wherein the , template double-stranded polynucleotide has been . ; 

4 converted into double-stranded fragments of a desired size, 

5 comprising: ' ■ 

g' a) -adding, to the resultant population' of double- 

7 stranded random ' fragments' one or more single . or double-stranded 

■3: oligonucleotides, wherein said oligonucleotides comprise an area 
9 of strucrural:. or . sequence' similarity and an area of hererology 

10 to the double-stranded template polynucleotide; 

' b) denaturing the resultanr mixture of double- 

12 stranded random f ragm.ents . and oligonucleotides into single- 

13-. stranded fragments; - 

■ . . - c) incubating the resultant population -of 

15 'single-stranded fragments with a polymerase, under, conditions 

16 which result in the , annealing of .said single-stranded fragments, ■. 

17 at .said areas of similarity to :-orm pairs of annealed fragm,ents, 
,13 said areas of similarity being sufficient for one m.em.ber of a 

1- 9 pair to prime replication of the other thereby forming a 

2- 0 r,ut,agenized double-stranded polynucleotide; and 

'21 : d) • .repeating steps (b) and (c) for at least two 

22 -further cycles, wherein the resultant mixture in step (b) of a 

■23 further cycle ' includes ' the,' mutagenized, double-strahded •■ 

24 polynucleotide from step (c)" of the previous' cycle, and the 

25 further cycle form.s a " furfner mutagenized ■double-stranded 

26 polynucleotide. 

■ ^ • 18. The method of claim 17,' wherein the .incubating is 

2 performed in the presence of an agent that promotes annealing of 

3 the single-stranded fragments. 
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1. 19. The method pi claini lS, wherein the. .agent is 

2 selected/f rom- the group consisting of PEG, a cat ionic' detergent , 

' 3 an exonuclea'se or a recombinogenic protein . 

. 1 ' 20. The method of claim- 19,' wherein, the agent is recA-. 

1 ' 21. The method of claim 17, wherein the polynucleotide 

2 is converted into double-stranded -fragments, of a desired size by 

3 PGR stuttering. 

■ 1 22 .. The method of claim 17, wherein the polynucleotide 

2 is converted into double-stranded fragments of a. desired size by 

3 replication of the polynucleotide in the presence of UTP and 

4 . cleavage of the replicated polynucleotide with UDG glycosylase. 

'1 23. The method of "' ::lai~, 1, further coriorising 

2 . selecting against unrecoir.bined 'subs::rat:es f or -r econbinar ion after 

3 at least one recombining step. 

.-■ji. 

1 ' 24. The -ethod of ciai- -2, wherein at least one 

2 reconbining step is perfomed in a rr.utator host cell or a host 

3 cell exposed to a mutagen,, 

i; 25. A. method for genera.t i ng , an enhanced 'CF? protein 

2 and oolynucleotides encoding sar.e , con-iprising performing DNA 

3. shuffling on a GF? encoding expression vector and . selecting or 

.4 screening for variants having. an enhanced desired property, 

1' 26. The method of claim 25, wherein - the '.. method 

2 comprises a step of error^prohe or mutagenic ampli.f icat-icn or' 

3 site-directed mutagenesis. 

1 ,2-7. The method, of claim 25., wherein the error-prone^ 

'2 or ' mutagenic"' amplification' or site-directed mutagenesis,, 

3 introduces a mutation' in the region outside the chrom.ophore- 

4 segment comprising amino acids 64-69. 
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^ , 28. The nethdd of claim 25, wherein the property is 

2 fluorescence intensity. 

^ \ 29. An enhanced GFP protein comprising a' point 

^ . -.^^r^' u7i i dtvDe seauence outside the chromophore 

2 mutation, as compared to. wiiaT:ype ^e4uc 

3 • region comprising . amino acids 64-69. 

^ . 30. The enhanced GFP protein of claim 29, wherein the 

2 mutation is in the region from amino acid 100 to amino acid 173.. 

^ 3^; ^^3- enhanced GFP protein ^of claim 30 / wherein the 

2 'mutation, is at residue 100, 154, and 173. . 

\ ■ 32. The .enhanced GFP protein of claim 31. wherein the 

■ ' ^^-c--s tut-op selected ^fror, the group: Fiods, 

3 MX54T 'or E17 30 . . 
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